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1.0 Executive Summary 

The primary objective of this study was to develop conceptual designs of two pilot 
plants to produce oxygen from lunar materials. A lunar pilot plant will be used to 
generate engineering data necessary to support an optimum design of a larger scale 
production plant. Lunar oxygen would be of primary value as spacecraft propellant 
oxidizer. In addition, lunar oxygen would be useful for servicing non-regenerative fuel 
cell power systems, providing requirements for life support, and to makeup oxygen losses 
from leakage and airlock cycling. 

Numerous processes to produce oxygen from lunar materials have been proposed. Thirteen 
different lunar oxygen production methods are described in this report. Comparisons are 
complicated because many variations of each process exist, and some produce multiple 
byproducts with potential uses at a later stage of lunar base development. Based on 
process simplicity and well understood reaction chemistry, hydrogen reduction of ilmenite 
was selected for conceptual design studies. Based on recovery of an important "byproduct", 
a second process pathway to oxygen, extraction of solar-wind hydrogen from bulk lunar 
soil, was also selected for conceptual design. Thermal recovery of solar-wind hydrogen 
liberates water, which is subsequently electrolyzed to produce oxygen (water is a reaction 
product of hydrogen and ilmenite contained in the soil), as well as hydrogen. Thus, 
hydrogen recovery offers a process that produces both oxidizer and fuel propellants for 
lunar landers and other spacecraft. 

Computer models of both processes were prepared that utilize equipment scaling relations, 
mass and energy balances, and thermodynamic relationships to estimate mass and power 
requirements for oxygen production plants. Trades and sensitivity analyses were performed 
with these models. Studies on the hydrogen reduction of ilmenite process included: 

• Evaluation of feedstock alternatives: high-titanium mare soil or basalt. 

• Effect of solar and nuclear-electric power sources. 

• Effect on pilot plant mass/power to simply vent the product oxygen gas instead of 
liquefying and storing it (since the pilot plant is a research tool). 

• Comparison between delivering a series of small self-contained, modular production 
plants to increase oxygen production versus constructing a single, large plant. 

• Difference between using unbeneficiated feedstock or using magnetic or electrostatic 
separation to feed an ilmenite concentrate to the reactor. 

• Sensitivity of process mass and power to oxygen production rate. 

• Sensitivity of process mass and power to feedstock conditions such as ilmenite 
abundance in soil or ilmenite grain size in basalt. 

Drawings of a 2 metric ton/month LOX pilot plant conceptual design, employing hydrogen 
reduction of ilmenite, were produced. Plant mass is 24.7 metric tons (54,400 lb^) including 
a power system that uses solar photovoltaic arrays to provide 146 kwe for the process 
and for regenerating fuel cell reactants. Baseline plant operating strategy is mining and 
continuous processing during the lunar day, and no mining with processing units on hot 
standby during the lunar night. The major process equipment is delivered to the lunar 
surface in an integrated package that manifests easily into a Shuttle payload pallet with 
outside dimensions of 14’ diameter x 45’ long. However, additional volume is required 
to deliver the power systems. Since it is assumed that the purpose of the pilot plant is 
to provide long-term, 1/6-g equipment performance data, the plant will be operated for 
continuous periods without on-site human attention. Thus, extensive automation and 
robotics applications are anticipated for the pilot plant, such as teleoperated mining 
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vehicles and equipment servicers. These would have numerous applications in other 
areas of lunar base operations. 

Studies of the optimum temperature for solar-wind hydrogen extraction and the sensitivity 
of plant mass/power to production rates were also completed. Mass of a pilot plant 
designed to produce 2 metric ton/month LOX and 1.2 metric ton/month LHo is 60 metric 
tons (132,200 lb m ). The mass estimate includes a nuclear power plant providing 1.7 MWe 
for the process. 

2.0 Introduction 

Groundrules and assumptions for the study are listed in Section 3. Thirteen candidate lunar 
oxygen processes were identified and described in Section 4. Although the list is not 
complete (other reagents have been suggested) and there are many variations possible 
for each process, the descriptions are representative of the processes most favored for 
lunar oxygen extraction. 

Two candidates were selected for further study and conceptual design: reduction of 

ilmenite by hydrogen and extraction of solar wind volatiles. After describing the distribution 
of lunar sources of ilmenite and solar wind hydrogen in Section 5, Sections 6 and 7 
describe the conceptual designs for these two processes. A concluding summary of results 
and recommendations is given in Section 8. 

Scaling equations used for sizing equipment in the hydrogen reduction of ilmenite process 
are documented in Appendix A. Appendix B provides a sample output of the sizing 
program. Appendix C presents scaling equations unique to the hydrogen extraction 
plant, while Appendix D gives a sample output of the program. Appendix E contains 
information on an assessment of lunar oxygen production for supplying a low Earth orbit 
maiket (referenced from Section 6.7). 

3.0 Study Groundrules 

1. The pilot plant will be designed to have a maximum liquid oxygen production rate 
of 2 metric tons/month (1) at a 90% plant utility. 

2. The pilot plant will be operated during Phase II of the lunar base buildup program 
(1). This phase is defined as the human-tended period (2000-2005) before a permanently 
occupied lunar base (1, 83, 84). It is assumed the pilot plant will require long 
operating periods to generate an adequate engineering and operating performance 
database for production plant design. Therefore, the pilot plant will operate without 
on-site human attention. 

3. The baseline liquid oxygen production rate for program analyses of a full-scale 
production plant ranges from 100-1,000 metric tons/year. A 1,000 mt/yr LOX plant 
will supply the annual Earth-Moon advanced space transportation system (ASTS) require- 
ments and provides some margin for other purposes (Mars missions, etc.). A conceptual 
design for a reusable lunar lander with a maximum landed payload of 25 mt (no 
ascent), or 14 mt with inert mass returned to lunar orbit, requires approximately 
30 mt propellant: 25.7 mt LOX and 4.3 mt LH 2 at a 6:1 oxidizer to fuel ratio (50). 
A roundtrip for a lunar mission stack of two reusable orbital transfer vehicles 
delivering a 35 mt cargo to LLO (and returning empty) requires 73.5 mt LOX and 
10.5 mt LH 2 at a 7:1 mixture ratio (3). A lunar base may require 5-7 roundtrips/year. 
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4.0 Candidate Processes for Production of Oxygen from Lunar Materials 


Many processes have been proposed to recover oxygen from lunar raw materials (16-23) 
including: 

Thermochemical Reduction 

1 . Hydrogen reduction of Ilmenite. 

2. Carbo thermal reduction of ilmenite and other oxides with coke, methane, carbon 
monoxide, or other hydrocarbons. 

3. Recovery of solar wind hydrogen followed by hydrogen reduction of oxides. 

4. Hydrogen sulfide reduction of Ca, Fe, and Mg oxides. 

Thermochemical Reduction/Oxidation 

5. Carbochlorination. 

Thermochemical Oxidation 

6. Fluorine exchange. 

Note: The above thermochemical processes often employ electrolytic methods to regenerate 
the chemical reagents (e.g. water electrolysis for ilmenite reduction), however, thermo- 
chemical regeneration alternatives usually also exist. 

Reactive Solvent 

7. Hydrofluoric acid leach. 

Electrochemical Reduction 

8. Direct electrolytic reduction of oxide melt. 

9. Electrolytic reduction of oxide/caustic solution. 

10. Reduction of metal oxides by lithium or sodium followed by electrolysis of the lithium 
or sodium oxide melt. 

11. Reduction of anorthite by aluminum followed by staged electrolysis steps to recover 
silicon, aluminum, calcium, and oxygen. 

Thermal/Phvsical 

12. Vapor phase reduction. 

13. Ion separation. 

Other chemical pathways to oxygen have been proposed (82) but the above represent 
those processes described in some detail in the literature. A comparison of these processes 
is complicated because many processing variations and equipment options exist for each, 
effecting process mass, power, volume, manpower, and other considerations. In addition, 
many produce byproducts (metals, ceramics, etc.). For a fair comparison, the demand 
and/or value for each of these byproducts must be established, and the cost for separating 
and processing the byproducts into useful end products must be determined. 
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4.1 Process Descriptions 

Process chemistry and processing conditions, and major advantages and disadvantages of 
several lunar oxygen extraction techniques are described in the following subsections. 

4.1.1 Hydrogen Reduction of Hmenite 

Dmenite feedstock reacts endothermically with hydrogen to produce water. A reaction 
temperature of 900-l,000*C has typically been reported necessary to achieve sufficient 
rates of reaction. Product water is then electrolytically or thermochemically split to 
regenerate reactant hydrogen and liberate oxygen. The reactions are expressed as: 

F ' Ti °3(s) + H 2(g) - F '(s) + Tio 2(s) + H 2°(g) Reduction 

»2°(g) + electricity = H 2 ( g ) + 1/2 0 2 ( g ) Electrolysis 

An alternative to the electrolysis step is a thermochemical cycle to regenerate hydrogen 
reduct ant gas. One of dozens of possible thermochemical cycles is the DeBeni Carbon- 
Iron Process that catalytically decomposes water by the following reaction sequence (7,8): 


Reaction 

c + h 2 o = co + h 2 

CO + 2 Fe 3 0 4 = C + 3 Fe 2 0-j 
3 Fe 2 0 3 = 2 Fe 3 0 4 + 1/2 1> 2 


Reaction Temp. (K) 
920 
520 
1670 


H 2 0 = H 2 + 1/2 0 2 


Such a reaction sequence reportedly involves less energy than does electrolysis (7, p.101). 
However, thermochemical separation of water increases the complexity of the water 
separation step, requiring more process equipment such as individual reaction vessels for 
each process step. 


A simplified schematic of the process is depicted in Figure 4-la. A fluidized bed reactor 
has been proposed for the reduction step (14, 16). Gibson & Knudsen’s (14) concept of 
a three-stage fluidized bed reactor system is given in Figure 4- lb. 


An energy-efficient hydrogen reduction scheme has been proposed (14; 16, pp.228-237) 
using vapor-phase water electrolysis to allow both reactor and electrolysis to operate at 
the same temperature. The use of high-temperature, solid-state electrolytic cells probably 
represents the greatest technology development requirement for this process although 
experimental work on this technology is progressing (24-27, 118). High temperature 
electrolysis using a solid ceramic electrolyte has been experimentally researched for fuel 
cells (25); electrolysis of mixtures of water, carbon dioxide, and carbon monoxide (26, 
27); Mars atmospheric in-situ propellant production (24); carbon dioxide reduction in life 
support systems (118); and in the technology development of another lunar propellant 
production technique (64). Conventional water electrolysis systems can be used but will 
result in a less energy efficient process. Thus, synergism (and the inherent advantages 
for system commonality) could exist between solid-state electrolysis units for the hydrogen- 
reduction process and regenerative fuel cells in the power system (26), and even with 
the proposed Mars surface propellant manufacture systems (24, 34-37). 
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Pros and Cons 

The major advantages for the process are: 

. Process chemistry is uncomplicated and has been verified in laboratory testing (9- 
13). Necessary technology development efforts need only be directed at reducing 
plant mass and energy requirements, not at proving the process will work from a 
chemical basis. 

. Oxygen generation and hydrogen reductant recovery is accomplished in one step by 
water electrolysis. This reduces complexity, increasing the probability of a low 
mass, reliable system. 

. Resupply mass for reagent makeup of process losses is expected to be small due to 
the low density of hydrogen gas. 

. Direct terrestrial counterparts exist for the major process equipment, such as the 
reactor. Continuous fluidized-bed and counter-current gas-solid flow reactors of 
the type contemplated for the reduction reaction have been operated terrestrially 
(13-15). Thus, industrial operating experience can be drawn on by NASA during 
the design and development process of exterrestrial extraction plants using this 
chemical process. 

• Process temperatures are below the melting point of the llmenite feed which reduces 
reactor materials problems. 

. Iron production is possible but would probably require melting the solid residue of 
iron and rutile. 

The major disadvantages of the process are: 

• Only ilmenite is reduced in the hydrogen reduction process. To decrease the amount 
of material handled and process heat requirements, ilmenite must be separated from 
the bulk regolith. 

. The kinetics for the hydrogen reduction reaction is relatively slow: 1 hour at 1,000 K 

is required to remove approximately 70 percent of the oxygen associated with divalent 
iron in ilmenite (13; 16, p.232,234). Another researcher reported that unoxidized 
ilmenite required 2 hours at 873*K and 0.25 hours at 1,073*K to completely reduce 
the iron oxide in ilmenite assuming the reaction rate is controlled by kinetics (9). 
In any case, the hydrogen reduction reactor must be made long enough to provide 
the required solid’s residence time to accomplish the reduction reaction. The slower 
the kinetics, the longer (and heavier) a reactor must be for a given reaction temper- 
ature and production rate. 

The thermodynamics of hydrogen reduction impose rather low equilibrium per-pass 
conversions of H 2 to H 2 0: 10.5 percent (molar) at 1,000‘C and 7 percent at 900‘C 
(14, p.547, Figure 2). As per-pass conversions decrease, the reductant gas flow 
rate through the system must be increased for a given production rate, which then 
requires larger reactor and gas piping diameters (and mass penalties). 
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Figure 4- la. Simplified Schematic of Hydrogen Reduction of Ilmenite Process 


V 



-<>2 


Figure 4-lb. Three-Stage Fluidized Bed Reactor Concept for Ilmenite Reduction (Ref. 14) 



NOTE: CYCLONES AND 
POSSBLY OTHER GAS- 
8 OLDS SEPARATORS ARE 
ALSO REOURED BUT 
NOT SHOWN. 
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4.1.2 Carbothermal Reduction 

Reduction of lunar oxides (ilmenite, pyroxenes, olivines) by carbonaceous reductants has 
been studied for several decades (28-30). Experimental work by Rosenburg, et al. (28, 
31) was performed on the reduction of molten magnesium silicates by methane with the 
following process chemistry: 

Mg 9 Si0 4 + 2 CH, = 2 CO + 4 H 9 + Si + 2 MgO Reduction @ 1 ,625*C 

(olivine) 2,960*F 

and, 

MgSiO-j + 2 CH 4 = 2 CO + 4 H 9 + Si + MgO Reduction @ 1 ,625‘C 

(pyroxene) 2,960* F 

Lunar fines are first melted, then methane is injected to reduce iron oxides and the 
more stable silicates. Carbon monoxide (CO) and hydrogen products are reacted at 
lower temperature and over a nickle catalyst with additional hydrogen to regenerate 
methane and produce water. 

2 CO + 6 Ho, = 2 CH 4 + 2 H 9 0 Catalytic Redox @ 250*C 

480°F 

Oxygen and hydrogen can be electrolytically produced from water after it is separated 
from the methane/water product. A process schematic is given in Figure 4-2. 

Carbothermal reduction of anorthite is possible (32), but at extremely high temperatures 
(2,500*K, 4,000*F). Besides the unattractiveness of high temperature materials and corrosion 
problems, process chemistry for this reaction scheme is severly complicated by the presence 
of metallic and oxide gaseous species (A^O, SiO, Al, Si, Ca) and condensed carbide 
phases (SiC, AI 4 C 3 , AI 4 O 4 C). It is not considered further. 

Cutler, et al. (30), has proposed an oxygen and iron production scheme using coke (devolatil- 
ized carbon) to reduce molten ilmenite. The proposed process utilizes concepts and 
technology from the iron/steel making and petrochemical refining industries. A process 
flow diagram is given in Figure 4-3. The process includes three major steps: ilmenite 

smelting, iron decarburization (steelmaking), and hydrocarbon reforming. Ilmenite is 
melted (1,640*K, 2,500*F) in the smelting step and reacts endothermically with carbonaceous 
materials to form iron by the following reaction: 

FeTiOj + C = Fe + CO + TKI >2 (slag-metal bath reaction) 

This step is reminiscent of the conditions in the lower part of the iron-making blast 
furnace. Anorthite (10 percent) is added to form a quaternary slag (Ti0 9 , SK^, AUO^, 
CaO) with a melting point below iron. Because the anorthite will have to be melted, it 
constitutes an energy penalty. The energy requirement for this step was proposed to be 
provided by induction heaters or via electric arc heating using carbon electrodes (30). 
The electrodes would be consumed during operation, but would only provide 2-4 percent 
of the required carbon reductant (at an electrode consumption rate of 5-10 kg/mt Fe). 

Four to five percent carbon will alloy with the iron (15) and recovery is required for 
efficient reactant recycling. After the molten iron product is tapped from the smelter, 
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decarburization is accomplished by injecting some of the oxygen product into the iron 
bath to form carbon monoxide. 

C(soin ) + 1/2 0 2 - CO (iron decarburization) 

This step is identical to terrestrial basic oxygen steelmaking furnaces. The decarburization 
reaction is highly exothermic and thus requires no additional energy. However, the 
amount of oxygen injected must be carefully controlled to avoid excessive re-oxidation 
of the iron. The result of the process is a low-carbon steel which, however, requires 
further downstream forming operations before it would be suitable for lunar base structural 
applications. The iron-rich dag from the steelmaking process should be recycled to the 
smelter to recover iron units and oxygen. 

Carbon monoxide from the smelter and steelmaking units is reacted with hydrogen in a 
reforming step to produce water and hydrocarbons. This step is exothermic and requires 
a nickel catalyst to promote a specific gas product. One possible hydrocarbon product 
is methane: 

CO + 3 H 2 = H 2 0 + CH 4 (reforming) 

Typical terrestrial methanators operate at 300-400*C (8). Higher pressures (6 atm.) 
increase the yield of methane by reducing (by up to 50 percent) the quantity of carbon 
dioxide produced by competitive reactions (28). The reforming step actually will involve 
additional major equipment besides a CO/H 2 reactor; possibly staged condensers and 
distillation columns to produce a reasonably pure water stream. The water stream is 
electrolytically separated into oxygen and hydrogen. Hydrogen from the electrolysis 
step is fed to the reformer. It was proposed that hydrocarbons from the reformer could 
be coked or cracked to form the carbon electrodes for the smelter if electric arc reduction 
is performed (30). Electrode manufacture will undoubtedly require several steps and 
several separate unit operations other than implied by simple thermal decomposition or 
catalytic cracking of a hydrocarbon. 

Pros and Cons 

The major advantage of carbonaceous reduction of molten oxides is that in principal, 
less mining and lower loads on downstream equipment (and thus potentially smaller 
process units) are required than the hydrogen reduction of ilmenite scheme because 
reduction of silicates is possible. However, this advantage comes at the price of greater 
system complexity (more process units, less reliability). 

Advantages include: 

• Rosenburg’s proposed process (28, 31) reduces silica and ferrous oxide in lunar 
pyroxene, olivine, and ilmenite minerals. Thus, less lunar material need be mined 
in comparison to hydrogen reduction (Section 4.1.1) and Cutler’s (30) carbon reductant 
process which requires ilmenite. Trades for system mass with and without mineral 
beneficiation are needed. 

• Terrestrial counterparts exist for a number of the proposed process steps: smelters, 

steelmaking, and hydrocarbon reforming. Extensive process operational experience 
exists. 
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• At temperatures proposed for these processes, carbon extracts 1.33 times its mass 
in oxygen, while thermodynamics limits hydrogen extraction of oxygen to 0.56 to 
0.84 times its mass at the temperatures proposed for hydrogen reduction (900’C 
and 1,000*C, respectively). This implies a larger inventory of hydrogen and perhaps 
larger gas handling systems. However, this may not be significant in an overall 
systems mass statement. 

• Silicon is a byproduct of Rosenburg ’s process (28,31). However, purification and 
fabrication into useful products would take many more steps. 

Disadvantages include: 

• The ilmenite or other oxides must be molten. This requires thermal energy to heat 
and melt the solids and heavy-duty refractories to protect reaction vessels and 
piping. In addition, molten silicates and metal are extremely corrosive, limiting 
refractory service life. Typical blast furnace campaigns (continuous operating 
lifetime) are 2-5 years in length, with the life of the refractory lining the practical 
limitation (15). The refractory lining is then completely replaced (including carbon 
refractories used in the furnace hearth) in a very labor intensive operation lasting 
several weeks to months. Active cooling loops were suggested (30) as a means to 
stablize refractory wear. Such techniques are used on modem furnaces to extend 
refractory life. However, process heat demands will increase if active cooling is 
implemented. 

. Although steel is a necessary byproduct of ilmenite reduction by coke, additional 
processing, working, and quality assurance will be required to fabricate useful steel 
structural forms. In addition, steelmaking is a batch process. Thus, the economy 
and ease of automation for a continuous process is probably not possible for a 
major part of the proposed ilmenite reduction process (30). 

• Recovery of the carbonaceous reductant is difficult for the proposed (28,30) processes. 
Cutler (30) includes two major process steps (iron decarburization and hydrocarbon 
reforming) while Rosenburg (28) adds one (methanation) to recover carbon. Each 
of these steps would involve one or more separate process vessels (and thus weight). 
In addition, Rosenburg (28) measured carbon loss in the slag and metal phases of 
10-30 percent by weight of the carbon charged. Additional processing would be 
necessary to recover this carbon. Thus, although less solids handling is required 
for Rosenburg’s proposal (28,31), the added complexity of recovering carbon requires 
more equipment and weight. Trades are possible between the degree of recovery 
and the cost of importation of the carbonaceous reductant. 

It should be noted that although the carbon that alloys with the iron or metal 
phase can be recovered, a significant amount, up to 20 percent as reported by 
Rosenburg (28), of the carbon charge also goes into solution with the slag from 
the reduction reactor. No process for recovery of carbon from slag has been 
proposed, but is likely to be extremely difficult. 

Another problem in carbon recovery is the catalyst used in the hydrocarbon reforming/- 
methanation steps of the proposed processes (28,30). Catalysts are susceptible to 
poisoning by impurities in the gas feed. In practice, catalysts generally lose activity 
or selectivity (governing the composition of the product gases) with time. Thus, 
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catalyst lifetimes are limited (variable but typically 2-3 years) after which the 
reactor’s catalyst is dumped and a fresh catalyst charge added. 

One possible solution to the high temperature and carbon recovery problems is to use 
carbon monoxide as the reductant gas and maintain temperatures below approximately 1000’C 
(below the melting point of feed materials). Ilmenite would be the feedstock of choice. 
Product gases would primarily contain CO and CO 7 (product composition with temperature 
is given in Figure 4-4). The three-stage fluidizea bed concept illustrated in Figure 4- lb 
could be used with few changes. A high temperature, solid-state, ceramic electrolyte 
electrolysis cell could be used to produce oxygen and recover the carbon monoxide 
reductant gas in one step, and for energy efficiency as used so advantageously in the 
hydrogen reduction concept. This type of electrolysis cell has been studied extensively 
recently for possible application to a Mars surface atmospheric processor that would 
produce oxygen and CO fiiel from the Martian carbon dioxide atmosphere (24, 34-37). 

Using methane to reduce ilmenite at less than 1,000*C is another possibility. Friedlander 
(38, p.615) reports that 85-90 percent reduction of small ilmenite particles (0.25-0.5 mm) 
in a fluidized bed was obtained in 5-7 minutes by natural gas (primarily methane) at 
1,000-1,030*C. However, if kinetics permit, carbon monoxide reductant gas is preferred 
because the electrolysis, cryogenic, and gas systems of the process would closely resemble 
most major elements of a Martian propellant production plant. Thus, lessons learned for 
propellant production on the lunar surface could significantly reduce the development 
and costs of Mars surface propellant production. 
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Figure 4-2. Carbothermal Process with Methane Reductant (from Ref. 22, slightly modified) 
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Figure 4-3. Carbothermal Process with Carbon Reductant (from Ref. 30, slightly modified) 
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4.1.3 Hydrogen Extraction 


Hydrogen deposited by the solar wind in lunar surface materials can be extracted upon 
heating (39-41). Essentially all hydrogen is released by heating the soil to 900’C (40). 
Depending on temperature, a portion of this hydrogen will react with ferrous oxides in 
ilmenite to produce water, which can be electrolyzed to oxygen and hydrogen. Thus, a 
hydrogen recovery process would extract oxygen as well. Conceptual designs of hydrogen 
extractors have been proposed using solar energy (19,46), microwave generators (42), and 
microbial action (43). 

Hydrogen Content 

o 9 

The solar wind flux at the Moon’s surface is about 3 x 10 protons/second/m , or 1 
gram hydrogen in a square meter in 63 million years. Solar wind hydrogen penetrates 
less than 2000 angstroms (0.2 microns) into lunar surface materials (44) and is concentrated 
in the outer 200 angstroms (41). Small particles, with large surface area to volume 
ratios, are significantly enriched in solar wind gases (2,40,41,45). As given in Gibson et 
al. (40), the total hydrogen abundance (from and H 2 O) in five bulk lunar soils range 
from 26 to 54 |ig H/g (see Section 5.2). Over 80 percent of the hydrogen is found in 
the sub-45 micron size fraction (40). Thus, a hydrogen concentrate can be produced by 
separating the fine grain material. The mass and power of beneficiation equipment to 
do the size separation should be traded against the energy saved in the thermal processing 
of the soil. 

Although, bulk soil samples have been analyzed with greater than 100 p.g H/g, because 
of mixing due to cratering, a 50 fig H/g average bulk soil content is used for design 
purposes in this study. JSC laboratories have collected data on the gas release from 
soil samples heated at 6*C/minute (39). For practical purposes, complete release can be 
achieved by 900*C (40) and about 80 percent of the hydrogen is released below 600*C (41). 

Pros and Cons 

Advantages of a solar wind hydrogen extraction process: 

• Both oxygen and hydrogen propellant can be produced. Only moderate temperatures 
are required to release hydrogen (600-900*C), although the quantity of oxygen 
extracted depends on the ilmenite reduction water/hydrogen equilibrium constant 
which increases with temperature. Thermal energy requirements could conceivably 
be provided by solar collectors. 

• Efficient oxygen and hydrogen production can conceivably enable the economic 
supply of lunar oxygen to a low Earth orbit (LEO) market (48). Justifying the 
transportation of lunar oxygen to LEO on an economic basis (when the price compe- 
tition is the transportation cost of a heavy launch vehicle, which will probably be 
developed to transport a lunar base/production plant in the first place) is much 
more difficult unless lunar hydrogen is produced (48). 

• The same hydrogen/oxygen extraction process equipment can form the basis of 
sintering equipment to bond lunar soil into useful structural shapes (49). Sintering 
is the process of binding granular materials into solids at temperatures below the 
melting point without the addition of binding agents such as cement, plastics, or 
fluxes. Lunar soils sinter relatively easily because of their large glass component. 
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Sintering temperature varies with composition. The high-titanium mare soils character- 
istic of the Apollo 11 and 17 landing sites will sinter in less than 20 minutes at 
about 630*C while the aluminous soils of the lunar highlands (observed at Apollo 
16) require temperatures of nearly 930*C to achieve the same effect. 

Forming sintered products could thus be combined with hydrogen extraction of bulk 
soils since process temperatures are similar and little additional equipment is required. 
Note that sintering could not be applied to feedstocks consisting of fine grain 
ilmenite (a possible hydrogen concentrate). Sintered products would be useful for 
load bearing construction such as roadway tiles, mounts for modules and surface 
equipment, and blocks or bricks to build walls for bunkers near launch pads (to protect 
equipment from debris kicked up by rocket exhaust), for shading radiators and 
cryogenic storage t anks from the sun, and for radiation protection around modules. 

Disadvantages: 

• Large amounts of soil mechanical and thermal processing is necessary to extract 
hydrogen. At 50 ppm H, 20,000 mt of soil must be mined, heated to 600-900*C 
(requiring 159 kw-hr/mt soil at 600*C and 254 kw-hr/mt soil at 900*C), and discarded 
to recover 1 mt of hydrogen at 100 percent efficiency. To provide the 4.3 mt 
hydrogen fuel load required for one roundtrip by a reusable lunar lander (50), the 
soil contained in a pit 150 m x 150 m x 2 m deep would be processed. This corresponds 
to the amount of material excavated in about 1.4 miles of interstate highway. 

Thermal processing requirements can be decreased by: 1) recovering thermal energy 

from heated soil fines by using staged fluidized beds, and/or 2) decreasing the 
quantity of soil processed by concentrating die 45pm and smaller particles which 
contain 80 percent of the hydrogen (40). Possibly fines can be separated in cyclone 
separators or mechanical gas-classifiers using the hydrogen gas evolved from the 
process as a carrier fluid (after it has been cooled by pre-heating cold solid 
concentrate). 


4.1.4 Hydrogen Sulfide Reduction 

Reduction of iron, calcium, and magnesium oxides by hydrogen sulfide gas was proposed 
by Dalton, et ai. (18) and others (17) as a method to increase the efficiency of the 
thermochemical oxygen production and decrease the amount of soil handling. It becomes 
much more practical to use bulk lunar soil without beneficiation for this process. The 
general reaction sequence is (where M = metals: Fe, Ca, Mg): 


MO + H 2 S = MS + H 2 0 

MS + heat = M + S 

H 2 0 + electricity = H 2 + 1/2 0 2 

h 2 + S = h 2 s 


(reduction) 

(thermal decomposition) 
(electrolysis) 

(hydrogen sulfide regeneration) 


Advantages: 

• Soil mining and processing is reduced from hydrogen reduction of ilmenite because 
the process yields more oxygen per unit soil mass. 
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• Iron, calcium, and magnesium can be produced besides oxygen, although additional 
separation and purification steps would be necessary. 

Disadvantages: 

. Thermal decomposition of metal sulfides will require elevated temperatures and 
process yield is uncertain. Considerable development is anticipated (18). 

. If oxygen is used in environmental systems, oxygen purification steps are necessary 
due to die toxic nature of H 2 S. 

4.1.5 Carbochlorination 

The carbochlorination process was proposed as a way to produce aluminum, iron, and 
oxygen from the reduction of anorthite, CaAl 2 Si 2 0g, and ilmenite, FeTiO^ (32). A fluidized 
bed reactor operating at 770*C (below the melting point of a reaction product, Cad 2 ) 
proposed to react carbon and chlorine gas with anorthite and ilmenite: 

CaAl 2 Si 2 0 8(s ) + 8 C (s) + 8 Cl 2(g) = CaCl 2(s ) + 2 Ald 3(g) + 2 Sid 4(g) + 8 CO (g) 

FeTi0 3(s) + C (s) + 3/2 C1 2(g) = FeC1 3(g) + Ti °2(s) + CO (g) 

2 SiCl 4 + 4 CO (g) = 2 Si0 2 ^ s ) + 4 + 4 Cl2(g) 

As shown by the process flowsheet in Figure 4-5, staged condensation steps are used to 
separate the gas components. A condenser at 225*C removes FeCl^ as a liquid, another 
at 90*C is used to liquefy and separate AlCl^, and a third operates at -30*C to remove 
SiCl 4 . The silicon chloride is recycled back to the carbochlorination reactor where its con- 
centration builds to a steady-state value by reacting with (30 back to silica. The residual 
solids from the reactor, SiO^ and CaCl 2 , are heated to 800*C to melt the Cad 2 , and 
separated in a centrifuge. The chlorine in CaCl 2 is recovered by first hydrolysis of 
Cad 2 followed by calcination: 

Cad 2(s) + 2 H 2 0 (g) = Ca(OH) 2(s) + H 2(g) + d 2(g) hydrolysis @ 400‘C 

Ca(OH) 2(s) = CaO (s) + H20 (g) calcination @ 600*C 

The iron chloride, Fed 3 , can be reduced directly by hydrogen gas at 700*C to produce 
metallic iron and hydrochloric acid (Hd), or it can be oxidized to hematite, Fe 2 0 3 , 
which is then reduced by hydrogen or carbon below 1000*C to obtain low-carbon non 
via the following reactions: 

Fed 3 ( g ) + 3/4 0 2(g) = 1/2 Fe 2 0 3(s ^ + 3/2 d 2 ^ g ^ oxidation <§> 300*C 

1/2 Fe 2 0 3(s) + 3/2 H 2(g) = Fe (s) + 3/2 H 2 0 (g) reduction @ 1 ,000*C 

The chlorine in Ald 3 is recovered, along with al uminum, by an electrolytic process 
developed by Alcoa (32). The electrolysis takes place in a refractory lined vessel operating 
at 700-750'C using graphite electrodes and mixed alkali/alkaline earth chloride fluxing 
agents. 
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Carbon monoxide and water products from the various reactions can be reduced to hydrogen 
(recycled to reduction of hematite), carbon (recycled to carbochlorination reactor), and 
oxygen product by a variety of thermochemical and electrolytic methods. 

Pros and Cons 

Advantages: 

. Reduction of alumina and ferrous oxides in the lunar soil is possible, reducing the 
amount of solids handling necessary over hydrogen reduction of ilmenite. 

. Production of aluminum and low-carbon iron or steel is a necessary byproduct of 
the reaction to recover carbon and chlorine reactants. 

Disadvantages: 

• The recovery of carbon and chlorine reactants involves a large number of processing 
steps with an attendantly large quantity and mass of necessary equipment. Other 
process concerns include systems reliability, reactant recovery efficiency, and materials 
corrosion considerations in a high temperature, chlorine-rich environment. 


Figure 4-5. Carbochlorination Process Flowsheet (from Ref. 32) 
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4.1.6 Fluorine Exchange 

Because fluorine gas, F 2 , reacts with all oxides to liberate oxygen and form metal fluorides, 
its use in an oxygen/metal production process has been suggested (16, 17, 56-58). General- 
ized reactions are summarized (16): 

M oxides + F 9 = M fluoride + O 2 (fluorine exchange @ 500*C) 

M fluorides + K = Metals + KF (reduction of fluorides w/ potassium vapor) 

KF + electricity = K + 1/2 F 2 (electrolysis of potassium fluoride @ 846*C, 

KF melting point) 

where M = Ca, Al, Fe, Si, Mg, Ti 

Burt (58) proposed fluorination of an anorthite (CaA^S^Og) concentrate to avoid process 
complexities created by trying to recover fluorine for recycling from a mixture of many 
metal fluorides. Other mineral concentrates (e.g. ilmenite) are also possible feedstocks. 
Fluorination proceeds rapidly at 500*C and is safely carried out in nickle reaction vessels 
(58). The first step in the proposed process (58) could be conducted in the first of a 
two-stage fluidized bed reactor. Only partial fluorination of the pure anorthite feed is 
completed in this step because the input reactant gas stream is F 2 -"lean" since the 
purpose of this first step is to scrub excess fluorine from the product gas of the second 
stage by using the second stage product gas as the first stage feed gas: 

CaA^S^Og + 2 F 2 ~ CaF 2 + Al 2 Si 0 4 F 2 + S 1 O 2 + ^ 2 (g) (la) 

Fresh fluorine (in excess) is fed into the bottom of the second stage where it reacts 
with the solids from the second stage: 

CaF 2 + A^SiO^f^ + Si 02 + 6 F 2 = CaAlF^ + AIF^ + 2 SiF 4 ^ g ^ + 3 ^2(g) (lb) 

The product gas from this reactor is passed through a bed of NaF to scrub out the 
SiF 4 gas: 

2 SiF 4 (g) + 4 NaF (s) = 2 ^SiFg (2) 

The sodium silicofluoride is separated and reduced by sodium metal to silicon and sodium 
fluoride at above 992*C (NaF melting point): 

2 Na 2 SiF 6 + 8 Na (g) = 2Si (s) + 12NaF (1) (3) 

The NaF is separated, a third recycled to step 2 while the remainder is routed to the 
electrolysis cell (step 8 ). The fluorination reactor residual solids/liquids are also reduced 
by sodium metal at 992*C: 

CaAlFj + AlF^g) + 6 Na^ g ^ = CaF 2 ^ + 2 Al^ + 6 NaF^ (4) 

Sodium fluoride is separated and transferred to the electrolysis cell (step 8 ) while fluorite 
(CaF 2 melting point = 1,330*C) reacts with sodium monoxide (mp = 1,275*C, sublimes) at 
high temperature by the following reaction: 

CaF 2 + Na 20 = CaO + 2 NaF (5) 
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Solid-solid reactions are typically slow (mass diffusion rate limited), therefore this reaction 
may require temperatures in excess of 1,275*C to proceed. The sodium fluoride product 
is transferred to the electrolysis cell while CaO can be used to scrub the final traces of 
F 2 from the oxygen product if required by oxygen propellant purity specifications: 

CaO + F 2 - CaF 2 + O 2 (^) 

Sodium monoxide for step 5 is produced by oxidation of sodium: 

2 Na + 1/2 0 2 = Na20 (7) 

The sodium fluoride generated in steps 3-5 is electrolyzed to yield Na and F 2 for recycling: 

16 NaF^ + electricity = 16 Na^ or v ) + 8 F 2 (g) (8) 

Burt (58) suggests that this cell can operate at 992*C (the melting point of NaF) or at 
lower temperatures if CaF^ is added to form a binary mixture (down to 818*C) or ternary 
mixtures of NaF, CaF 2 , andLiF (down to 615*C). 

Pros and Cons 

The major advantage with fluorine extraction is that it works with all lunar oxides. 
However, the recovery of fluorine is a complicated operation requiring several processing 
steps. Fluorine recovery is absolutely essential because 2.375 tons of fluorine are required 
for each ton of oxygen produced (58). 

Advantages: 

• Fluorine reacts rapidly with all lunar oxides above 500*C (58), thus promising less 
mining and solids handling than processes that reduce only selected oxides. Nickel 
or steel process vessels can safely contain fluorine below 500*C (58). 

. Oxygen is liberated directly as a concequence of the fluorine exchange reaction, 
unlike thermochemical reduction processes which require splitting off oxygen that is 
chemically bonded to the reductant (i.e. H 2 O, CO, CO 2 , etc.). 

. Relatively purified aluminum, silicon, and CaO are byproducts from the fluorine 
recovery processing. 

Disadvantages: 

. The proposed fluorine exchange process is complicated and will require eight reactor 
vessels (58) not including other major process units to perform component separations. 
The complexity is due to the difficulty of fluorine recovery for recycling. Many 
steps are required, each involving separate process units since they operate at 
different processing conditions or handle separate chemical species. Some are 
likely to be energy intensive since they operate at elevated temperature (to 1,200*C+ 
in some cases) or require electric energy for electrolysis. However, estimates of 
process mass and energy requirements are not known for comparison purposes. 

The very reason that fluorine extraction is attractive leads to the difficulty of 
separating and recovering fluorine. Burt proposed separating anorthite from bulk 
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lunar soil or rock, to avoid the complications of separating a multicomponent (6 or 
more) mixture of metal fluorides. Processing anorthite only will obviously require 
additional mining for a given oxygen production rate over using bulk lunar soil, as 
well as requiring anorthite beneficiation equipment. The additional mining and 
beneficiation adds mass to the process. Although the effort to reduce processing 
complexity is needed, the suggestion (58) for extracting oxygen from a concentrated 
anorthite feed effectively negates the advantage of using fluorine extraction in the 
first place. However, since anorthite is more common in lunar soils than ilmenite, 
particularity in highland regions, less soil would be required per oxygen unit than 
an ilmenite reduction scheme. Highland soils contain 40-60 percent by volume 
anorthositic components, with up to 90 percent of this anorthite that is available 
without further grinding or liberation (2, pp.246-247). Available ilmenite concentration, 
on the other hand, is only 5-9 volume percent of high-titanium mare region soils 
(2, p.249). 

• Considerable technology development, including laboratory bench scale study of 

the chemistry of some process steps, is required (58). In particular, the NaF electrol- 
ysis step represents unproven technology (58). Development of a fluorine corrosion 
resistant electrode material, such as lanthanide-doped fluorite, CaF 2 is suggested (58). 

. Although oxygen is produced directly by fluorine exchange, it must be separated 

from another gaseous product of complete fluorination, SiF^. Trace fluorine should 
be scrubbed from the product oxygen to levels that will avoid corrosion in space 
vehicle propulsion systems. 

A similar process is possible using chlorine (CW) gas exchange instead of fluorine. This 
halide, however, will only react with iron oxide (such as in ilmenite) and chlorine is 
difficult to recover for recycling (16, p. 220 ). 

4.1.7 Hydrofluoric Acid Leach 

Waldron, et al. (18, 59-60) has proposed an acid leach process that depends on the corrosive 
nature of hydrofluoric acid, HF, to dissolve and react with raw lunar soil forming mixed 
metal fluorides and water. A series of acid leach reactors would operate in batch mode 
at 110*C (60, p.n-160) producing steam and SiF^ vapor, and precipitate metal fluorides. 
SiF^ must be separated from the product water vapor before producing oxygen/hydrogen. 
Fluorine and HF are recovered from the metal fluorides in a complex procedure with 
multiple unit operations involving high temperature hydrolysis (1,000*C+), electrolysis, ion 
exchange, distillation, centrifuges, and drying steps. A process schematic and major 
reactions are given in Figure 4-6. Other leachants are mentioned as possible alternatives 
to HF including mixed hydrofluoric/sulfuric acid (HF/H 2 SO 4 ) solution and molten ammonium 
salts: NH 4 FHF, (NH^SiFg, or (NH^TiFg (59, ppt90-91), but they tend to increase the 
complexity of the separations over just HF. 

Pros and Cons 

Advantages: 

. All lunar oxides can be fluorinated at low temperatures in aqueous acid solution. 
Thus, fewer raw lunar fines are required per unit oxygen product than a reaction 
utilizing only specific lunar minerals. 
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• As a consequence of recovering fluorine for recycle, various metals can be produced, 
particularly aluminum, iron, and silicon. 

• Most of the process chemistry has been investigated in the laboratory, and 75% of 
the process steps have been conducted in a "comparable" or "equivalent" pilot- or 
commercial-scale terrestrial process (18, p.126). 

Disadvantages: 

• The acid leach reactors and possibly some downstream equipment (centrifuges) are 
operated in a batch mode on a 30 minute leach cycle making automation more difficult 
and losing production at either end of each cycle. 

. Additional process chemistry investigations are required to verify that the process 
is workable. In particular, separation and purification of the fluoro compounds for 
later processing to recover fluorine requires additional investigation and testing 
(18, p.125). Many processes are available to recover HF involving ion-exchange 
and electrolytic steps, but they all require multiple steps, many pieces of equipment, 
and greater electric energy consumption than simple water electrolysis. 

The application of a large number of different unit operations (HF acid leach tanks, 
hydrolyzers, strippers, distillation columns, ion-exchange beds, crystallizers, centrifuges, 
dryers, molten sodium hydroxide electrolysis cells, etc.) to the lunar environment will 
require greater design, development, test, and evaluation (DDT&E) costs than processes 
that require fewer (albeit larger) unit operations. A major effort to reduce the 
complexity of this process is needed. 

• Columns using ion exchange resins have been proposed (18, p.124; 60, p.H-163,165) 
for several reaction steps (e.g., converting sodium fluoride, NaF, to sodium hydroxide, 
NaOH). At least two columns are required for each ion-exchange application. 
While one bed is on a separation cycle, the other is on a regeneration cycle. 
Systems to recycle regeneration solution must be provided. In addition, the lifetime 
of the exchange resins are typically limited to a few years (60, p.II-49) with replace- 
ment requiring a time consuming manual operation. 

Alternatives to resins include ion-exchange membranes which require much more 
development work (60, p.II-99) and multistep, thermochemical techniques which are 
energy intensive. 

• Reagent (as HF) loss rates of 1.5 kg per metric ton input soil feed are estimated 
(60, p.H-171). Energy-intensive exhaustive drying is required to reduce moisture 
and HF contents in residual solids. 

. Materials inert to HF (carbon brick, phenolic/graphite, or CaF 2 liners) and F 2 corrosion 
must be used throughout much of the process. Liner materials compatibility problems 
with other process conditions (high temperature steam such as in hydrolyzers) and 
with mechanical erosion are likely. 

• A modification of the Castner cell used terrestrially for electrolysis of molten 
NaOH has been proposed that uses a diaphragm and vacuum drying of the anolyte 
to remove water from the Castner cell and avoid hydrogen generation/handling (18, 
p.124). Testing of this concept would be necessary. 
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4.1.8 Direct Electrolytic Reduction 

Experimental investigations (61) have established that molten basalt is conductive enough 
to support electrolysis without fluxing agents. Oxygen is released at the anode and 
molten iron at the cathode. Temperatures of 1,300*C or greater are required to maintain 
the cell constituents in a molten state. Higher temperatures increase the conductivity 
of the melt (61) and decrease melt viscosity (improving fluid transfer and processibility). 
Direct electrolytic reduction of silica and alumina was suggested as a possibility requiring 
additional study (61, p.3-6). A lunar magma electrolysis cell might be operated in a 
continuous mode (at low feed rates) with resistance losses providing the thermal energy 
required to melt solid feed. A modification of industrial electric arc furnace startup 
procedures could be used to initiate and enlarge a molten pool in a cold furnace at the 
beginning of a campaign (61). After forming a molten pool, the primary electrodes 
would be activated, solid feed begun, and oxygen, liquid metal product, and slag contin- 
uously withdrawn. However, in practice, operation may be limited to batch mode (64). 

An experimental cell for molten basalt electrolysis studies (61) contained a molybdenum 
anode (central rod) and cathode fcrucible) with a 1 cm wide annulus. A test at 1,550*C 
and current density of 1.25 A/cm 2 (of the original anode) had greater than 95% electrolytic 
efficiency with the remainder of the energy converted to heat due to resistance losses 
in the cell (61). The approximately 1.5 cm long x 0.625 cm diameter Mo anode immersed 
in the melt was completely oxidized (to mainly molybdenum dioxide) in 1.4 hr. The 
conductivity of basalt was measured (61) at 1,450’C to be 0.43 [ohm-cm]" 1 (conductivity 
follows arrhenius rule with conductivity at 1,200’C measured at 0.08 reciprocal ohm-cm). 

The advantages of magma electrolysis are: 

• No fluxing agents (e.g. NaOH, fluorides) are used to lower the melting temperature, 
reduction voltages, and viscosity of the oxides. Mass penalties are therefore not 
incurred to supply flux for the initial charge and for makeup of process losses. 
Also, the additional process equipment to recover and recycle the flux is avoided. 

• Production of iron is possible although it will likely be alloyed with aluminum and 
silicon. Regardless, additional processing will be necessary to convert the iron 
into useful products. 

. The number of process steps and equipment is low. 

Disadvantages: 

. Much more investigation is required to specify optimum process conditions, feed 
rate, and feedstock. Continuous operation may not be practical. Expected oxygen 
extraction efficiency also needs further study before meaningful design parameters 
can be specified. 

. At the high temperatures required for the process (1, 500-1, 700*C), anode oxidation 
and corrosion problems are severe. Platinum was suggested as a possible anode material 
although it was not tested and has potential melting point problems (Pt m.p. 1,772*C) 
especially during furnace temperature transients (61). Other experimenters have 
used platinum successfully (63, 64) although long term behavior and operation during 
furnace upsets should be researched. If suitable corrosion-resistant refractory 
anode materials cannot be found, sacrificial anodes such as graphite or SiC could 
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be used. However, they would generate CO or CO 2 gas requiring subsequent processing 
to liberate oxygen, as well as needing to be recycled or supplied from Earth. 

The cathode also sustained considerable corrosion from molten iron during experimental 
testing (61). A thermally stablized iron skull cathode emulating industrial experience 
was proposed as a possible solution (the skull is a solid skin of iron product that 
forms around the cathode). This requires active cooling to solidify iron onto the 
cathode material for protection. After thermal equilibrium is established, the cathode 
would transition from molten iron in the interior of the cell, to solid iron and 

solid cathode. Of course, this solution will result in greater cell electrical energy 
demands to makeup thermal losses. 

• Oxygen generated at the anodes will be difficult to completely separate from the 
molten silicates under lunar gravity conditions (64). This will decrease cell productivity. 

4.1.9 Electrolytic Reduction of Oxide/Caustic Solution 

This process uses molten sodium hydroxide (NaOH) at 400*C to dissolve oxides from bulk 
lunar soil (16). The solution is electrolyzed to produce oxygen at the anode and sodium 
at the cathode. Sodium will immediately reduce lunar oxides to produce Na^O and metals 
which precipitate near the cathode. The process was proposed as a batch process. 

Continuous operation is possible but will require separate units for the solution of caustic 
with lunar oxides and for the electrolysis step. A mixed caustic and solid products 

would be withdrawn continuously from near the cathode of the reactor. Another unit 
would be required to separate and recycle the caustic to the pre-electrolysis solution 
tank. 

Advantages: 

• Oxygen yield is high since reduction of nearly all oxides appears possible (16, 17) 
except for magnesium and calcium oxides (62). 

• Metals production is possible but multiple steps would be required to separate the 
mixed metal product. 

. Although requiring additional research, sodium in lunar materials could conceivably 
be used to makeup for process sodium losses. 

Disadvantages: 

• Nickel electrodes used on initial experimental investigations of the process were 
consumed (16, p.221). Inert material alternatives are needed. 

• Additional work is required to develop a quantitative database of process conditions 
and oxygen yield before meaningful process design is possible. 

• Caustic recovery from reactor residual solids is another area requiring additional 
research. Separation of the metals product and electrolyte solution may require 
centrifuges and dryers to minimize electrolyte loss resulting in significant equipment 
mass penalties. Sodium must also be separated from the residual metals from the 
electrolysis cell and reconstituted to caustic with water. 
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• The long term performance of the electrolyzer cell requires additional investigation. 
Gradual degradation of electrolytes may require continuous fresh electrolyte makeup 
and mass/energy penalties for caustic recovery (20, p.7-51). 

. Development of electrochemical strategies to avoid dendritic growth of metals 
deposited at the cathode that could eventually short the cell are required (64), 
otherwise cell lifetimes will be limited. 

A possible process alternative is potassium hydroxide (KOH) flux (62). A NaOH basic 
leach process was proposed that uses non-electrolytic, pyrochemical reduction routes for 
the separation of oxygen and metals and recovery of caustic reagent (18). However, 
this process appears particularily complex with multiple steps (some at temperatures of 
1,100*C) and the need for additional carbon reagents. 

4.1.10 Reduction by Lithium or Sodium 

An indirect electrochemical reduction of lunar oxides has been proposed (64, 65) that 
uses lithium (or sodium) to reduce oxides to metal and LUO, removing L^O selectively, 
and electrolytically separating it to lithium and oxygen. A process diagram is given in 
Figure 4-7. Lithium will reduce FeO, TK^, and Si02 via the general reaction, 

2Li + MO = L^O + M (where M = metals/oxides of Si, Fe, Ti) 

but will not reduce A^O^, CaO, or MgO (64). The reduction reaction would take place 
between liquid lithium (m.p. = 186*C) and either bulk lunar soil or mineral separates 
(e.g. ilmenite). Reduction at 727’C for ilmenite was suggested (64). The expected reaction 
products (metals, unreduced oxides, and L^O) are all solids at reaction temperature 
which makes separating lithium oxide difficult. Sublimation of L^O under reduced pressure, 
at 700*C and near-vacuum pressure of 0.02 mm Hg, was proposed (64). Using the readily 
available lunar vacuum to maintain the reduced pressure is possible but would result in 
some L^O loss. After separation, the lithium oxide would be solidified, and fed into a 
solid-state electrolytic cell containing a molten ternary melt of LiF (66.3 mole percent), 
LiQ (28.5 percent), and L^O (5 percent) at approximately 900*C. The lithium oxide is 
reduced in the electrolytic cell while LiF and LiQ are required fluxing agents to reduce 
the melt temperature (and viscosity) and permit high ionic conductivity. Liquid lithium 
forms at the cathode (304 SS or FeS^)- After removal from the surface of the melt, it 
would be recycled to the reduction reactor. Oxygen gas evolves at the anode. In exper- 
imental testing (64), the anode was made of strontium doped lanthanum manganite 
(LaQ gqSrQjQMnO^). A solid electrolyte, made of CaO or yttria stablized zirconia supported 
on porous zirconia or alumina, is used. 

Advantages: 

• The process reduces silica as well as iron and titanium oxides. Production of 
oxygen would be essentially independent of the location of a lunar base site since 
silicates predominate in all areas of the lunar surface. Typical lunar soils contain 
40% or more Si02 (4). Less lunar soil per unit oxygen production is required over 
processes reducing only ilmenite or other specific mineral. 

• Iron, titanium, and silicon production is possible, but a separation strategy has not 
been developed to recover these elements from die mixed metal and oxides in the 
lithium reactor’s solid residue. 
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Disadvantages: 
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Lithium oxide recovery from the lithium reduction reactor’s solid product will be 
difficult. Sublimation of Li 2 0 under reduced pressure may require an extensive 
vacuum pump system if process losses using lunar vacuum are severe. Research is 
required to quantify LUO recovery as a function of sublimation process conditions 
(time, temperature, pressure). The size of a Li 2 0 vapor system at 0.02 mm Hg 
(proposed in Ref. 64) is expected to be large. Resolidification of Li 2 0 vapor will 
require energy for compression or active cooling in condensers incurring a thermal 
energy loss (that will need to be added later). 

Long term LUO electrolysis cell stability at operational temperatures (900*0) requires 
further researdi. Cells have been operated in excess of 125 hours at 650 C (64). 
Degradation of materials in the electrolysis cell melt will require LiF and LiCl 
makeup to renew the flux (20, p.7-51). Quantification of flux loss through degradation, 
through entrainment in the lithium product stream, or by other mechanisms is 

needed. 

Long-term anode, cathode, and cell corrosion at operational temperature and conditions 
needs to be assessed. 


. The sensitivity of the solid ceramic electrolyte material (yttria stablized zirconia) 
to mechanical damage should be considered. The desire to minimize the thickness 
of the solid electrolyte for lower resistance losses (64) may make the cells too 
brittle to withstand launch loads or vibrations/mechanical cycling due to plant 
operating conditions. 


Figure 4-7. Indirect Electrochemical Reduction With Lithium (Ref. 64) 
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4.1.11 Reduction by Aluminum 

Anorthite, concentrated from lunar highlands soils, can be reduced in a series of chemical 
and electrochemical steps to produce oxygen, aluminum, and silicon as given in Figure 
4-8 (66, 67). In the first step, anorthite is dissolved in a cryolitic melt (90%-100% cryolite 
Na^AlFg with remainder CaF 2 , A1F 3 , A1 2 0 3 , or BaF 2 ) at approximately 1,000‘C. Aluminum, 
added to the melt, reduces silica to silicon: 

3 (Ca0Al 2 0 3 -2 Si0 2 ) + 8Al = 6Si + 3 CaO + 7 A1 2 0 3 

Excess aluminum is added to react with all available silica. The silicon product forms 
solid crystals in the solution (67). At cryolite-alumina-silica solution concentrations of 
more than 20% alumina, two solid phases (alumina and silicon) result (67, p.14). Cooling 
the solution to 680-700*C, results in formation of solid silicon and an aluminum-silicon 
eutectic (an Al-Si alloy remaining liquid to 577*C) containing about 12.6% silicon (66, 
67). It seems necessary, therefore, that filtration of the reaction solution using centrifuges, 
hydrocones, or other liquid/solid separators to remove solid silicon crystals must be 
performed between 700- 1 ,000*C to separate silicon cleanly. Reactor alumina concentration 
must also be controlled below 20% to avoid alumina precipitation and loss of alumina 
(and aluminum reagent) in the solid silicon stream. The above reaction is apparently 
complete after approximately 1 hour (67). Therefore, a stirred-tank reactor large enough 
to allow a residence time of at least an hour is required, otherwise the reactor will 
necessarily be operated in batch mode. 

After silicon is completely removed, the cryolite solution with CaO, alumina, and unreacted 
aluminum is pumped to a electrolysis cell where alumina is reduced. This step of the 
process is based on an advanced aluminum production process still under development by 
the Department of Energy (66, 67 p.41). A major goal is the development of anodes 
inert to high-temperature oxidizing conditions by application of cermet materials (cermets 
are ceramic/metallic composites, such as zirconiafaickle activated by lanthanum-doped 
cerium oxide). The products of the electrolysis step are oxygen evolved at the anode, and 
aluminum produced at the cathode which sinks and is collected from the bottom of the 
cell. This step may be difficult to perform in a continuous mode. For 1,000 mt/year of 
oxygen, 1 .4 MW electric power is estimated to be required (66). 

A major portion of the remaining CaO in the residual electrolyte solution must be removed 
prior to recycling the cryolite back to the aluminum reduction reactor. Alternative 
approaches include electrolytic reduction of CaO in another electrolysis cell, CaO separation 
from cryolite, or formation and removal as calcium aluminate, CaO *A1 2 0 3 . 

Advantages: 

• The first step of the process, reduction of anorthite by aluminum, has been demon- 
strated experimentally (66, 67). Quantitative yields and optimum operating conditions 
require additional research. 

• Production of silicon and aluminum is possible. 

Disadvantages: 

• Beneficiation equipment is required to separate anorthite from anorthisitic materials 
(e.g. soils in highland regions). 
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. Clean separations of silicon require careful control of the alumina content of the 
aluminum reduction reactor and exit stream temperature. High temperature (700- 
1000*C) solid/liquid filter equipment will be required. 

. The alumina electrolytic reduction process using inert cermet anodes is still under 
development. 

. Recovery of cryolite flux is difficult and expensive in terms of potentially large 
penalties in electrical energy and equipment mass. A suitable strategy to separate 
CaO from the electrolyte melt has not been developed. 


Figure 4-8. Step Wise Reduction of Anorthite to Produce Si, Al, and Oxygen (Ref. 66) 


AMOKTHOilTlC LUNA* SOIL 
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4.1.12 Vapor-Phase Reduction 

Vapor-phase reduction refers to the property that vaporized oxides will partially dissociate 
into monoxides and oxygen which can subsequently be collected upon cooling. The process 
concept that has been theoretically studied to-date is illustrated in Figure 4-9 (68). Lunar 
oxide fines are heated to 3,000'K by solar concentrators or induction heaters. The 
equilibrium pressure of the vaporized oxides at 3,000*K is 0.26 atm assuming that the 
feedstock oxides consist of 15 wt.% A1 2 0 3 , 50 wt.% Si0 2 , 10 wt.% Ti0 2 , 25 wt.% FeO 
(68). The oxides at these elevated temperatures are reduced to a lower oxidation state 
and approximately 20 wt.% of the inlet feed is released as oxygen. Since FeO does not 
dissociate, it is suggested that beneficiation of feed to remove the FeO content of the 
soil would increase oxygen yield (68). Rapid cooling of the vapor is a key process 
requirement to remove the reduced oxides before they recombine with oxygen. Figure 
4-9 shows the oxygen stored in a balloon at 10 mm Hg. However, just 1 mt of oxygen 
at 0*C and 10 mm Hg would fill a 48 m diameter balloon. Compression and liquefaction 
of the oxygen product is probably more viable. At 20% oxygen yield, energy requirements 
for the process were estimated as 35.5 MW-hr/mt oxygen produced, including 25.5 MW- 
hr/mt 0 2 for vaporization of the feed material and 10 MW-hr/mt 0 2 for operating cooling/- 
condensing equipment (68). At 24% yield (resulting from removing the FeO content in 
the feed in a beneficiation step), energy requirements were estimated as 29.6 MW-hr/mt 
0 2 for feed vaporization and product separation (energy for mining, beneficiation, oxygen 
liquefaction, etc. was not included). 

Advantages: 

• Bulk lunar soil serves as process feedstock. However, higher oxygen yields are 
expected (24%) if the FeO content of the soil is discarded prior to vaporization because 
FeO remains essentially unreduced at process temperatures. 

• The process does not require a supply of reagents from Earth. 

Disadvantages: 

• It is an energy intensive process. Extreme temperatures (3,000’K) are required. 
Containment materials problems will be severe. 

• All studies of the concept have been analytical/theoretical. No laboratory-scale 
process demonstrations have been performed. Recombination of the dissociated 
constituents back into their original oxides may be a severe problem. Removal of 
reduced oxides from condenser surfaces may not be difficult. Long-term fouling of 
condenser surfaces will lower process oxygen production efficiency because the 
longer periods of time before condensation occurs will allow oxide recombination 
rates to increase. 

• Low process pressures require large equipment volumes (and mass) for a given 
oxygen production rate. 

• No terrestrial analogs for the process exist. Operational lessons learned from practical 
experience is not available. 
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4.1.13 Ion Separation 

If lunar oxides are heated to even higher temperatures (7,000- 10,000*K) than in vapor-phase 
reduction, the oxide dissociation products are ionized, although the extent of ionization 
differs depending on elemental species. At 8,000*K, over 90% of the metallic dissociation 
products (Fe, Ti, Al, Mg) and 25% of the silicon are ionized, while ionization occurs in 
only 1% of the oxygen ( 68 ). At 10,000*K, oxygen ionization increases to 2.6%, while 
72% of the silicon ionizes and metals ionization approaches 100%. This "ionization gap" 
forms the basis of the vapor-ion separation process which extracts highly ionized metals 
by electrostatic or electromagnetic fields while essentially neutral oxygen continues to 
flow downstream for recovery (Figure 4-10). Based on a soil feedstock content given in 
Section 4.1.12, theoretical oxygen yields of 28 wt.% of the feedstock at 8,000*K (and 37% 
metals) and 38 wt.% oxygen at 10,000*K (51% metals) were calculated ( 68 ). Energy 
requirements were estimated as 34.5 MW-hr/mt oxygen produced including 33 MW-hr/mt 
O 7 for heating the oxides to 10,000*K and 1.5 MW-hr/mt O 2 for electrostatic separation 
or the charged metal ions ( 68 ). 

Advantages: 

• Higher oxygen yield than the vapor reduction scheme. 

• Independance from Earth-supplied reagents. 

Disadvantages: 

• The concept represents theoretical efforts not substantiated by experimental work. 

• The high temperatures will present extreme materials problems. 

• Condensers to remove non-ionized metals and silicon (28% of the feed silicon is 
not ionized at 10,000*K - Ref. 68 ) will be required to produce pure oxygen. Condenser 
energy requirements were not included in the process energy estimate or in Figure 
4-10. 


Separation of condensed metals and oxides from electrostatic and condenser elements 
will be difficult. 
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4.2 Selection Criteria and Application 

Several possible ways to compare the alternative oxygen production processes are: 

• Life-cycle lunar base program savings for the production plant. 

. Life-cycle cost per unit oxygen produced. 

. Technology readiness, process reliability, manpower requirements, maintainability , safety . 

. Plant mass, power, manpower, volume, and other plant physical characteristics. 

Life-Cvcle Savings 

This comparison is based on the difference between savings in launch costs for delivery 
of propellant to the lunar surface without oxygen production and the cost of developing, 
transporting, and operating the process. Savings in launch costs will depend on the 
type/costs of Earth launch and orbital transfer vehicles. The basing mode for the lunar 
lander (whether at Space Station, in low lunar orbit, or on the lunar surface) will also 
influence launch cost savings. Because certain processes produce byproducts which 
could be made into useful structural elements, the costs and program savings for using 
available byproducts should also be factored into life-cycle savings. 

Life-Cvcle Costs 

Considering only the cost side of the life-cycle savings equation, alternative processes 
ran be assessed based on the average cost per unit oxygen produced over the process 
lifetime. Life-cycle costs would include design, development, test, and evaluation (DDT&E), 
transportation, setup, operation, resupply, and maintenance costs. DDT&E depends on 
the technology readiness, complexity, and number and size of the process units. Operation 
cost for a process depends on the efficiency and productivity of the process (continuous 
versus batch mode), mining requirements, the extent of automation, and other factors, but 
basically is determined by process manpower requirements. Resupply costs reflect the 
tr ansp ortation costs incurred for reagents required to makeup process losses. Maintenance 
costs include the labor and hardware required for process equipment replacement and 
repair. These costs depend on the complexity and quantity of equipment and interfaces, 
the amount of rotating machinery, the severity of process conditions, and the extent of 
corrosion and wear. Trades are possible, for instance between higher DDT&E costs to 
incorporate more automation and reduced manpower requirements/operations costs. 
Life-cycle costs are, of course, related to process equipment lifetime which depends on 
many of the same factors: process severity, corrosion and wear, etc., but also on the 

expenditure level during the DDT&E phase, as well as costs incurred for maintenance 
and repair. 

Technology Readiness and other factors 

The various processes can be compared on the basis of the laboratory and bench scale 
research necessary to prove the process is viable. Technology that exists or will likely 
exist prior to delivery (circa 2000-2005) should also be accounted for. Other factors (safety, 
reliability, maintainability) are also important in determining if a process will perform as 
expected in the lunar environment. 
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Process Mass and Power 


A basic component of the required data, process mass and power, is difficult to attain 
from literature on a consistent basis for comparison purposes, as given in Table 4-1. In 
some cases, such as vapor-phase reduction and ion separation, adequate data is not yet 
available to produce a plant design for meaningful equipment mass estimates. In other 
cases, process mass and power estimates may not include mining, beneficiation, complete 
processing, oxygen liquefaction and storage, or power system estimates. Table 4-2 lists 
the efficiency of each process in terms of the ratio of process mass and energy to 
annual oxygen production based on the data in Table 4-1. Because these ratios should 
decrease (efficiency increases) as plant capacity increases, comparison of the processes 
is not valid (even if the original mass estimates included the same equipment systems) 
unless oxygen production rates are nearly equivalent. 

Processes Selected for Conceptual Design 

For this study, two process attributes were considered of overriding importance for 
successful development of lunar oxygen production: 1) reliability and 2) efficiency. 

Reliability can be attributed to process viability, simplicity, and maintainability. Although 
many other factors are involved, each of the reliability attributes was defined by a 
basic process characteristic: viability is defined by the technology readiness of the 

process, simplicity by the number of process steps (the more process steps, the more 
equipment required, and the greater likelihood of a breakdown somewhere in the chain), 
and maintainability by the severity of processing conditions (the higher the temperature 
or more corrosive the conditions, the more likely equipment lifetime will be limited). Process 
efficiency is defined by the plant mass, power, and consumables consumption required 
for a given production rate. Because consistent values for these are not available to 
make a realistic comparison (see Tables 4-1 and 4-2), the same criterion defining process 
simplicity-the number of process steps-was chosen. 

All identified oxygen processes were rated by the 3 characteristics: technology readiness 

(as applied to the overall process, not to the design of individual pieces of equipment), 
number of major process steps, and severity of process conditions. As given in Table 
4-3, the two top rated processes selected for conceptual design studies were hydrogen 
reduction of ilmenite and solar wind hydrogen extraction with concurrent reduction of 
ilmenite to produce oxygen. 

The rationale for selecting hydrogen reduction of ilmenite was based on the comparison 
and on: 

• The reduced complexity associated with this process when compared to the alternative 
processes. Fewer process units will be required since oxygen can be produced and 
hydrogen recovered in a single electrolysis step following reaction (only direct 
electrolytic reduction of an oxide melt would require approximately the same number 
of process units). Fewer units and interfaces translates into operational advantages 
in terms of higher reliability and lower maintenance costs. 

• The chemical reactions have been characterized well enough in the laboratory to 
assign realistic bounds to expected oxygen yields as a function of process conditions. 
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• Potential synergism for portions of a lunar oxygen production plant based on this 
process and major components of a Martian atmospheric processor. 

Solar wind hydrogen extraction was also selected based on: 

• The high desirablity of combined oxygen and fuel production from lunar resources. 

• Possible synergisms between hydrogen extraction and oxygen production plants. 

• Potential production with low mass penalties of hot-pressed sintered ceramic products 
as a byproduct of hydrogen extraction. 

Of course, these selections were made with limited data and on minimal selection criteria. 
Additional analytical and experimental study of these processes is warranted to better 
define the most appropriate lunar oxygen process. 
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Table 4-1. Process Mass and Power Requirements as Reported in Literature 


PT99W 


0 2 Prod, 


Feedstock 

Requirements 


Plant Energy Req. 

Mass(mt) Total Sfi£$P£flt Thfflfflri 


Reactant 

Requirements 


1. H~ reduction of Ilmenite 


1-A. 

10 mt 

662 mt 

1-B. 

9 mt/month 

365 mt/month 

1-C. 

1000 mt/yr 

160,000 mt/yr 

1-E. W 

150 mtAnon. 20,200 mt/mon. 

1.82 mt/day 
0.91 mt/day 



1-F (6) 

!> 

0.012 mt/day 

293 mt/yr 
2 mt/month 

44.000 mt/yr m 
370 mt/month} qx 

327.000 mt/yr w 


1000 mt/yr 


1.83mt {1) 50.8 MWh 

0.65 MW 

400 mt;^ 5 MW 

439 mt W 6 MW 

35.4-51.0 mt 
21.3-34.8 mt 
0.279-0.578 mt 


43.2 MWh 
0.15 MW 


7.6 MWh 
0.5 MW 


0.01 mt 


X2) 


2. C^^thermal Reduction 


2-B 

2 -c: 


(11) 

( 12 ) 


10 mt 

9 mt/month 
1000 mt/yr 


292.4 mt 
29.7 mt/month 
100,000 mt/yr 


3. Solar Wind Hydrogen Extraction 
3-A. 1.3 kg 24.2 mt 

3-B. /t ^ 1 mtH^ 13,582 mt KLV 


3-c.; 

3-D. 

3-E.’ 


(14) 

(15) 

U6) 


5.34kfH~0 1mt 
83 mt/yr FL 9,600 mt/day 
2 mt/mon.O^ 29.4 kmt/mon. 


119.6 mt 
24.7 mt 
225 mt 


12 mt 
104.6 mt 


556 mt 
60 mt 


1.68 MW 
146 kw 
3.0 MW 


211.7 MWh 
1.36 MW 
2.4 MW 


43.2 MWh 
0.26 MW 


168.5 MWh 
1.1 MW 


24 kg/yr 
968 kg/yr 


5.1 mt CH . 


4. Hydrogen Sulfide Reduction 

4- A. 9 mt/month 162 mt/month 


111 MW 31 MW 80 MW 
1.7 MW 


1.25 MW 0.15 MW 1.1 MW 


Ref. 


22 

16 

10,14,69 

70 

19 

19 

19 

21 

72 

72 


22 

16 

30 


22 

41 

46 

73 

72 


16 


Notes: 

( 1 ) 

( 2 ) 

( 3 ) 

(4) 

(5) 

( 6 ) 

(7) 


( 8 ) 

(9) 

( 10 ) 

(ID 

( 12 ) 


(13) 

(14) 

(15) 

(16) 


Mass A Power estimates for 1-A include reactor and water electrolysis units only. 

0.31 mt H* required if no recovery, 95% recovery asouned (22). 

Plant A power system included in process mass estimate for 1-C. Power system 45% of total mass. Feedstock calculated 
by 10 acre x 2 m x 2 mt/m A 3 (from Ref.10). 

Mass A power estimates for 1-D include mining, beneficiation, process equipment, liquefaction and storage, power 
and thermal systems, and habitat for crew support. 

All production rales for 1-E at 50% duty cycle (thus, actual production is given rate * 0.5 * time period). Mass 
estimates based on beneficiation, process, liquefaction & storage, power & thermal (mining syrtems not included). 

Lowest mass ilmenite reduction scheme in Ref. 21 that uses mobile miner/clectrostatie separation beneficiation equipment 
(74) and assumed 4000 hr/yr production (46% duty cycle or 73 kg/hr CL production rate). 

Results from this report (Section 6). Pilot plant (2 mt/month production) baaed on solar photovoltakAegencrative 
fuel cell power system and 45% process plant duty cycle, and includes mining, beneficiation, process, liquefaction/- 
storage, power and thermal systems. Production plant (1000 mt OJyen) baaed on nuclear power and 90% duty 
cycle, and includes mass/power estimates for mining, beneficiation, process, liquefaction/storage, power and thermal 
systems. 

High-Ti basalt feedstock, 45% process duty cycle, PV/RFC power system. 

High-Ti soil (mare region) feed, 90% process duty cycle, nuclear power system. 

Baaed on reduction of pyroxene (MgSiCL) by methane. 10 mt silane (SiH .) and 4.35 mt silicone byproducts also 
produced (22). Methane (CH.) reactant resupply requirements based on 15 mt methlne needed at 66% recovery (22). 

Baaed on reduction by metha& of bulk lunar oxides. 

Reduction of ilmenite by carbonaceous reductants (methane or coke). 3680 mt of iron (steel) byproduct also produced 
(30). Estimates based on nuclear power and 90% process duty cycle. Mass includes mining, beneficiation, process 
and power (60% of total mass) systems. Process power estimate does not include mining or beneficiation power 
requirements. 

Assuming 100 ppm H in bulk soil, 90.9% of H in -20um fraction, 81% recovery of H upon heating to 600 ‘C, 23 wt.% 
of fines in -20pm fraction, 3,124 tons of concentrate heated yielding 73.6% of the hydrogen (41). 

Basis is concentrate of -20pm fraction soil, enhanced lOx in H over bulk soil, heated to 1000 C generating 5.34 kg 
water, corresponding to 0.60 kg H- and 4.74 kg CL (46). 

Used "90% certainity" plant estimate (from Rrf.73) w/ estimate basis of recovering 50 ppm H- from bulk lunar soil 
by heating to 700*C releasing 50% of contained hydrogen, solar heating in vacuum to 500*C (25 mt of solar heaters) 
@ 70% solar heating efficiency, induction-heating from 500 to 700’C @ 90% electric efficiency (300 mt of solar-electric 
systems and 31 mt of RF generators). 

Plant produces 1.2 mt H~, 2 mt CL per month. Bulk lunar soil feed w / 50 ppm hydrogen, 80% of hydrogen recovered 
at 92rC extraction tenfperature, 50% of thermal energy requirements recovered in staged fluidized beds, 75% of 
process reactor thermal requirements supplied by nuclear ^ower waste heat. 


Table 4-1 (Cont). Process Mass and Power Requirements as Reported in Literature 


Process 


Feedstock 

Plant 

Energy Req. 



Reactant 


0- Prod. 

Rsqyiremente 

Mass (mt) 

Total 

Electrical 

Thermal 

Requirements 

Ref. 

5. Cadrohlonnation 







5^ 18 > 

10 mt 

238 mt 

12.45 mt 

125.4 MWh 

43.2 MWh 

82.2 MWh 

57 mt CL 

22 

10 mt 

238 mt 

13.4 mt 

162.3 MWh 

78.6 MWh 

83.7 MWh 

26 mtClJ 

22 

6. Fluorine Exchange 









9 mt/month 

22.5 mt/month 

- 

1.05 MW 

0.25 MW 

0.8 MW 


16 

1.82 mt/day 


34.7-50 mt 





19 


0.91 mt/day 


20.9-34.2 mt 




19 


0.012 mt/day 

0.204-0.425 

mt 




19 

7. HF Acid Leach 









?'r(20) 

10 mt 

23.6 mt 

2.85 mt 

69.9 MWh 

43.2 MWh 

26.7 MWh 

27.5 mt HF 

22 

10 mt 

87.3 mt 

11.73 mt 

249.7 MWh 

119.8 MWh 

129.9 MWh 

16.5 mt HF 

22 

10 mt 

60.2 mt 

15.93 mt 

203.2 MWh 

96.4 MWh 

106.8 MWh 

14.4 mt HF, 

22 








0.5 mt CaO, 0.1 

mt Si 

10570 mt/yr 30,000 mt/yr 

220 mt 

30 MW 



30 mt/yr 

18,71 

7-E. 

293 mt/yr 

1440 mt/yr 

86.6 mt 

2.68 MW 
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8. Magma (Direct) Electrolysis 








8-A.(23) 

10 mt 

1325 mt 

0.98 mt 

155.6 MWh 

92.9 MWh 

62.7 MWh 


22 

9. Electrolytic Reduction of Caustic Solution 







9-A. 

9 mt/month 

21.6 mt/month 

- 

0.85 MW 

0.35 MW 

0.5 MW 


16 

10. Reduction with Lithium 








10-A.(24) 

1000 mt/yr 

31,645 mt/yr 

- 

3.0 MW 




64 

1 1 . Reduction with Aluminum 








1 1-A.(25) 

1000 mt/yr 



1.4 MW 




66 

12. Vapor Phase Reduction 








12-A.(26) 

10 mt 

24.2 mt 

15 mt 

34 MWh/mt CL 



22 

12-B. 

1 mt 

5 mt 


29.6 MWh 

10.4 MWh 

19.2 MWh 


68 

13. Ion Separation 
13-A.(27) 

10 mt 

24.2 mt 

15 mt 

44 MWh/mt 




22 

13-B.(28) 

10 mt 

24.2 mt 

15 mt 

96 MWh/mt 




22 

13-C. 

1 mt 

2.6 mt 


34.5 MWh 




68 


(17) Reactants required: 95.8 mt CL with 40% recovered, 16.3 mt C with 100% recovered. 

(18) 8.5 mt A1 also produced. Reactants required: 95.8 mt CL with 73% recovered, 16.3 mt C with 100% recovered. 

(19) All production rates for 6-B at 50% duty cycle (tmis, actual production is given rate * 0.5 * time period). Mass 
estimates based on beneficiation, process, liquefaction & storage, power & thermal (mining systems not included). 

(20) 5.9 mt A1 also produced. Reactants required: 27.5 mt HF @ 40% recovery efficiency and 26.2 mt NaOH @ 100% recovery. 

(21) 4.7 mt A1 and 2.35 mt Mg also produced- Reactants required: 30.6 mt HF @ 53% recovery, 18.2 mt NaOH @ 100% 
recovery, 5.42 mt CaO @ 90% recovery, 1.35 mt Si @ 90% recovery. 

(22) Anorthosite feedstock baselined (18,71). Assumed products CaO and 90% yield from other oxides. Plant mass includes 

120 mt for power, 20 mt for reagents, 24 mt for radiators, and 56 mt for process equipment (no mining, water electrol- 

ysis, liquefaction or storage equipment included). The process requires 336 mt of water, HF, and NaOH reagents 
(Ref.71j which are made during a special startup campaign from H^, I* and Na brought from Earth (66 mt of Earth 
reagents required in Ref.71). 30 mt/yr of reagent makeup are estimated required (Ref.71). 

(23) Assumes ilmenite feedstock and includes only magma electrolysis cell in mass estimate (22). Power estimate only 
includes requirements to heat feed to 1350TC and dissociation energy (no efficiencies included). 

(24) Ilmenite feedstock basis. Electrical requirements include only L ? 0 electrolytic cell (2.6 MW) and L ? 0 separation 

(0.35 MW) energy requirements (no mining, oxygen purification or liquefaction). 2 

(25) 500 mt Si and 500 mt A1 also produced. Only A1 electrolysis cell in power estimate (not included is power for 
mining, A1 reduction reactor, calcium electrolysis, oxygen liquefaction, and other process requirements). 

(26) Mg, Fe, and A1 byproducts also. Process facility mass was not calculated, estimate only (22). 

(27) Mg, Fe, A1 byproducts. Mass estimated not calculated. Ion separation based on electrostatic methods. 

(28) Mg, Fe, A1 byproducts. Mass estimated not calculated. Ion separation based on electromagnetic methods. 
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Table 4-2. Process Mass and Power Ratios (Derived from Data in Table 4-1) 



Feedstock 

Plant Mass 

Energy 

Annual Resupply 


C2* 

per 

per 

Reactants per 

O-Prod. 

CL Prod. 

CL Prod. 

CL Production 
(nfi/mi Q 2 1 

Process (nfft/vr) 

1. H~ Reduction of Ilmen itc 
1A . 1 1207 

(mt/mt (L) 

(flw-yr/mt Q 2 1 

(kw-vr/mt) 

0.001 

66.2 

0.015 

0.58 

IB. 108 

40.6 

- 

6.0 


1C. 1000 

160 

0.40 

5.0 


ID. 1800 

135 

0.24 

3.3 


IE. 332 


0.11-0.15 



166 


0.13-0.21 



2.2 


0.13-0.26 



IF. 293 

iS 11 

SI?* 2 * 

0.41 

5.7 


1G. 24 

1.03 

6.1 

0.001 

1000 

0.23 

3.0 

0.001 

2. Carbothcrmal Reduction 
2A. 1207 

29.2 

0.10 

2.4 

0.043 

2B. 108 

3.3 

- 

12.6 


2C. 1000 

100 

0.10 

2.4 


3. Solar Wind Hydrogen Extraction 




3 A. 7 

18,600 mt/mt 




3B. 7 

13,600 mt/mt H~ 




3C. NA 

1,670 mt/mt EL 





210 mt/mt Cl 


1,340 kw-yr/mt H~ n v 
72 kw-yr/mt Ol)A 
124kw-yrAntH* w 


3D. 83 mt/yr 

3E. 24 mt/yr CL 

21,100 mt/mt H^ 
14,700 mt/mt Of 

6.7 mt-yr/mt H~ 
2.5 mt-yr/mt 


14 mt/yr 

4. H-S Reduction 
4 A . 1 108 

25,000 mt/mt H^ 

4.3 mt-yr/mt H^ 


IIJ 

18 

- 


5. Carbochlorin adon 
5 A. 1207 

23.8 

0.10 

1.4 

0.48 

5B. 1207 

23.8 

0.11 

1.9 

0.22 

6. Fluorine Exchange 
6A. 108 

2.5 


9.7 


6B. 332 


0.10-0.15 



166 


0.13-0.21 



2J2 


0.09-0.19 



7. HF Acid Leach 
7 A. 1207 

2.4 

0.024 

0.8 

0.23 

7B. 120? 

8.7 

0.10 

2.9 

0.14 

7C. 1207 

6.0 

0.13 

2.3 

0.13 

7D. 10,570 

2.8 

0.021 

2.8 

0.003 

7E. 293 

4.9 

0.30 

1.8 


8. Magma (Direct) Electrolysis 
8 A. 120? 

132.5 

0.008 

1.8 


9. Electrolytic Reduction of Caustic Solution 


7.9 


9 A. 108 

2.4 

- 


10. Reduction with Lithium 
10A. 1000 

31.6 


3.0 



Notes: 

(1) For pilot plant at 45% duty cycle, PV/RFC power. 

(2) For production plant at 90% duty cycle, nuclear power. 

(3) 3E power based on 50%+75 % heat recovery, 500 kw-yr/mt CL without any heat recovery. 

(4) 3E power based on 50%+75% heat recovery, 857 kw-yr/mt H^ without any heat recovery. 



Table 4-2 (Cont). Process Mass and Power Ratios (Derived from Data in Table 4-1) 


&2C&2 


CL Prod. 
(mt/vr) 


1 1 . Reduction with Aluminum 
11A. 1000 


12. Vapor Phase Reduction 
12A. 120? 

12B. 


13. Ion Separation 
13 A. 120? 

13B. 120? 

13C. 


Feedstock 

perO. 

Prod/ 

(mt/mt 

Plant Mass 
per 

CL Prod. 

(m-n/mt 9 2 1 

Energy 

P« 

CL Prod. 
Qsft-vi/mt) 

Annual Resupply 
Reactants 
perO, Prod. 
tmVM9 2 l 

- 

- 

1.4 


2.4 

5 

0.13 

0.4 

3.4 


2.4 

2.4 

2.6 

0.13 

0.13 

0.5 

1.1 

3.9 



37 


Table 4-3. Process Comparison 


Technoloy Readiness Number of Major 
1 - No Major Unknowns/ Processing Steps 
Tech. Requirements 1 ■ Few (1-2) 

2 * Some Unknowns 2 * Several (3-5) 
3 » Major Tech. Reg. 


1. H 2 Redn of Dm. 


1 


process Conditions 
(Hi-Temp. &/or 
Hi-Conosion) 

1 = Low 
2= Moderate 

3 = Severe 

2 Chemistry well known, high-temperature 

electrolysis subject of much current research. 
Reduction and water electrolysis only 

» Moderate thermal conditions (900- 
■C) 


2. Carbothermai 1 


3. Extraction 


4. H^S Reduction 


3. Carbochlorination 2 


6. Fj Exchange 2 


Chemistry relatively well known, process 
units extension of Earth technology. 
Carbon recovery requires several steps. 
Proposed processes involve molten oxides. 

Hy dr o g en release well studied. Unknowns 
on extent of mechanically released H~ 
works in favor of process. Same numbdr 
of process units as #1, but 2 rating given 
since reactors are large and energy require- 
ments are high. 

Research required into thermal decomposition 
of metal sulfides (a major process step). 
3 steps: Red’n, water electrolysis, and sulfide 
decomposition. Reduction is low temperature, 
but decomposition is likely to require 
high temps. 

More research, especially for aluminum 
electrolysis step, is required. 6 major 
steps: reactor, (3) staged condensers, A1 
electrolysis, centrifuges, hydrolysis and 
calcining. C-CL reactor and A1 electrolysis 
cell environmenn>articularly corrosive. 

Several process steps require additional 
research. Process complex (8 steps). 
One step may require temperatures in 
excess of 1200 # C. Most steps in hot 
fluoride corrosive environment 


7. HF Leach 2 


8. Magma Electrolysis 3 

9. Caustic Electrolysis 2 


3 Although major process chemistry has been 

investigated, additional research for steps 
to recover of fluorine/HF is required. This 
is the most complex of those surveyed in 
terms of the number and variety of different 
chemical process units required. Although 
the leach step is at low temperature, 
several separation steps require high- 
temperature (>100<rC) hydrolysis steps. 
Hot acid environment. 

3 Anode and cathode materials problems require 

resolution. Molten silicates pose severe 
corrosion problems. 

2 Caustic recovery methods require further 

investigation. Dendritic growth of metals 
deposited at electrodes could eventually 
short cell. Inert electrode material altern- 
atives are needed. 


38 



Table 4-3 (Cont) 


Process Comparison 


Technoloy Readiness Number of Major 

1 * No Major Unknowns/ Processing Steps 

Tech. Requirements 1 a Few (1-2) 

2 = Some Unknowns 2 =* Several (3-5) 

BbSSSS 3 ■ Major Tech. Reg. 3 = Many (>5t 

10. Redn by Li or Na 3 2 


U.Rednw/Al 3 


12. Vapor Phase Redn 3 


1 


13. Ion Separation 3 


2 


SUMMARY 


Process Conditions 
(Hi-Temp. &/or 
Hi-Corrosion) 

1 = Low 

2 = Moderate 

3 = $<?vqt Commenta 


2 Additional research is required for LLO 

separation/recovery. Research on long- 
term performance of Li/CL electrolytic 
ceil is needed. 3 Process st^Js: Li Redn., 
L^O separation, Li/O^ electrolysis. 

2 Only 1 of 3-5 step process has been 
investigated. Additional separation steps 
will possibly be needed, particularly to 
recover cryolite flux. 

3 Only theoretical studies have been performed, 
the process exists as concept only. Very 
high temperatures will result in containment 
problems. 

3 Experimental work is lacking. Separation 

of oxygen from non -ionized silicon/metals 
is not clean and will require additional 
steps^Totential yield losses. Extreme 
temperatures. 


Rank Eessss Total Pt» . 

1 EL Redn of Ilmenite (#1) 4 

2 H;r Extraction (#3) 5 

3-4 Cftbothermal (#2) 6 

3-4 Caustic Electrolysis (#9) 6 

5-8 H-S Reduction (#4) 7 

5-8 Magma Electrolysis (#8) 7 

5-8 Li/Na Reduction (#10) 7 

5-8 Vapor Phase Reduction (#12) 7 

9-13 Carbochlorinadon (#5) 8 

9-13 IL Exchange (#6) 8 

9-13 HF Leach (#7) 8 

9-13 Redn w/Al(#ll) 8 

9-13 Ion Separation (#13) 8 
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5.0 Process Feedstocks 

The abundance of minerals in typical lunar materials has been described in detail 1 (^)- 
However, because the concentration of ilmenite and hydrogen in die process feedstocks 
is an important parameter in sizing the two pilot plants described m this report, a b 
description of sources and relative abundances for ilmenite and hydrogen fo ow. 


5.1 Ilmenite 

There are two main sources of ilmenite (FeO'TiC^): 
mare soils (Table 5-1). 


hi gh -titanium mare basalts and 


High-Ti Basalts 

As presented in Table 5-2, the richest mare basalts from the Apollo samples contain 
a£nrt 25 volume percent ilmenite (2) which corresponds to approxumuely 33 weight 
percent ilmenite (given a specific gravity for basalt of 3.4 and ilmenite S.G. of 4.5). 
The element chemistry of the major minerals in high-Ti basalts, as given m Table 5-3, 
shows that lunar ilmenites are mixtures of primarily ilmenite (FeTi0 3 ) with small amounts 
of geikielite (MgTi0 3 ) and traces of minor elements. 

Crushing and grinding of the basalt will be necessary to release ilmenite grains for the 
reaction* step, ^e extent of grinding depends on the gram size 

The texture of the basalts vary with the cooling rate of the lava flow from coarse 
grained with average crystal grain size of 1. 0-5.0 mm (formed deeper in an _ ex ^ 
flow where cooling rates are slower), to medium grained with grams 0 ^ L0 ™- 0 
grained with grains 0. 1-0.5 mm (75-77). The coarser grained rocks are generally more 

friable (easier^to break up). Ilmenite grain sizes of2-3mm ^5 

78) but these are generally elongated lath- or plate-like structures (79). Typically, 
mm is the maximum length in three-dimensions of equant ilmenite grains (o ). 

High-titanium basaltic bedrock can be found in quantity 2-5 m below die «goUth m 
mie regions (see Figure 5-1). Regions of the Moon containing tugh-Ti basalt have 
been mapped from Earth-based spectral studies to 1 ^resolution (3, P- 3 ’^). Basalt 
blocks fill impact craters that penetrate through the regolith and were e J^ te< J fr ® 
crater to litter the surrounding landscape. Basalt mines could be located in or near 
craters to collect the broken rock in these areas. 

Mare Soils 

Lunar regolith is also a potential ilmenite source since it is already pulverized and easy 
to mine. However, two thirds of the ilmenite in mare soils is incorporated 1 in glassy 
agglutinates and basaltic rock fragments, and can not be separated cleanly from othe 
minerals without additional grinding (2, p.249). The amount of ilmenite in bulk lunar soil 
available for immediate separation by magnetic or electrostatic means (without grinding) 
consists of relatively pure ilmenite mineral fragments liberated from liduc fragments. 
As given in Table 5-4, the richest mare soil in Apollo samples contains about 9 volume 
percent ilmenite mineral fragments (2, p.250), or -12.7 weight percent (based on a l2 
SX3. of soil from Ref. 6, p.26). Ilmenite contents in mare soil of 5 voto « 
wt.%), suggested as typical high values (3, p.2-16 and p.4-2; 2, p.249), are used for design 
purposes in this study. There tends to be a greater portion of ilmenite fragments at 
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finer soil size fractions (see Table 5-5) because more ilmenite grains are liberated as 
the soil particle size approaches the grain size of the mineral (2). 

The average particle size of most lunar soils is quite fine, ranging between 45 and 100 urn 
;y p.-5-o). Table 5-6 lists the weight percents of a typical mature mare soil (Soil 10084) 
More than a quarter of the soil is less than 20 pm. Table 5-7 gives the chemical composition 
com Ponents for this soil. Note that ilmenite does not account for all 
16 wt.% FeO reported. Significant FeO is contained in pyroxenes, a mineral group consisting 
of varying amounts of enstatite (MgSiCM, wollastonite (CaSiOo), and ferrosilite (FeSiCM 
and in olivine which is a solid solution of forsterite (Mg 2 Si0 4 ) and Tayalite (Fe 2 Si0 4 ). 3 

5.2 Hydrogen 

Hydrogen abundance in mature lunar soils typically ranges from 50-100 tig H/g soil as 

g l v ® n . m Tabl ® s 5 ' 8 „ and 5 ' 9 - 4 cubic meter mature lunar soil contains 100-200 grams 
of hydrogen (for bulk soil density of 2 mt/nr). Mature lunar soils dominate most flatter 
areas where a lunar base will likely be located. Mining sites should be located away 
from young sharp rimmed craters. 

Soil maturity influences hydrogen content because: 1) mature soil has been exposed to 

toe solar wind for a longer period of time, and 2) toe average soil particle size becomes 
tiner in mature soils due to toe longer period exposed to toe comminutive effects of 
micrometeoroid impacts, thus increasing the surface to volume ratio and hydrogen content 
o the soil. Formation of agglutinates, which increases with soil maturity and which 
tends to increase the mean grain size of the soil, traps hydrogen containing particles 
within the agglutinate assemblage. However, soil maturity and hydrogen content does 
not smoothly increase at shallower depths into the regolito because local cratering can 
throw out immature ejecta that covers a mature soil layer. Thus, the lunar soil shows 
definite layeimg in hydrogen content depending on toe nearby cratering record. For 
mstance, an Apollo 17 deep core, taken 400 m SE of Camelot crater (-500 m diameter) 
SfS?! ,f £, W1 * 60 H & at 280 dee P while toe surface concentration was less 
than 45pm*(40) 8 40 ° VCr 8 ° ° f hydrogen is contained in soil particles less 

^ udy ’ d “ e . t0 mixing of regolito materials from meteorite impacts, an average 
50 ppm of solar derived hydrogen in bulk lunar soil is assumed to extend to a depth of 
several meters (3). Figure 5-2 summarizes data from JSC laboratories (39) for gas release 
thi f - d samples heated at 6*C/minute. The average of this release data was used in 
this study, although it may be conservative. Gibson, et al. (40) and Blanford, et al. (47) 
suggest that for practical purposes complete release can be achieved by 900*C, and 
Carter (41) reports that about 80 percent of the hydrogen is released below 600*C (41). 
P e released gpses contain water vapor formed by reduction of ilmenite with hydrogen 
toe extent of which is temperature dependant as given in Figure 5-3 
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Table 5-1. Ilmenite 

Abundance in Lunar Materials (From Ref. 3, p.2-16) 

Lunar Material 

Vol.% Ilmenite 

Comments 

Mare Basalt 

0-25 

High-Ti basaltic rocks typically contain 
over 15% ilmenite while low-Ti basalts 
contain less than 10%. 

Soil 

0.5-5 

Higher ilmenite contents occur in regions 
with high ilmenite contents in local 
rocks and low where local rocks are low. 

Fragmental Breccias 

2-12 

In high-Ti mare regions, breccias contain 
about 10% ilmenite, in low-Ti mare 
regions about 4%, and in highland regions 
about 1%. 

Crystalline Breccias 

1-2 

These rocks limited to highland regions. 

Anorthositic Rocks 

trace 

Contains almost no ilmenite. 


Table 5-2. Modal (Microscopically Identified) Dmenite in Mare Basalts (Ref.2, p.248) 



Modal Dmenite 


Modal Dmenite 


Content 


Content 

Sample 

VoL Percent 

Sample 

VoL Percent 

10003 

14-18 

12202 

8-11 

10017 

14-24 

12021 

5-12 

10044 

6-12 

12022 

9-23 

10043 

7-11 

12039 

8-10 

10049 

16-17 

12051 

8-11 

10072 

13-22 

12063 

8-10 

Apollo 11 Mean 

14.5 

Apollo 12 Mean 

10 

15016 

6 

75055 

12-20 

15076 

0.5 

70215 

13-37 

15475 

1.0 

70035 

15-24 

15555 

1-5 

70017 

19-23 

15556 

2 



Apollo 15 Mean 

2.6 

Apollo 17 Mean 

20.4 

Table 5-3. Element Chemistry Ranges for the Major Minerals in High-Ti Basalts 


(Ref. 3, p.3-23 & 3-24) 






Opaques 

Vol.% 

Pvroxene 

42-60 

Olivine 

0-10 

Plaolioclase 

15-33 

(Mostly Dmenite) 
10-34 

Chemical 





Composition 

(wt.%) 

Si0 2 

44.1-53.8 

29.2 - 38.6 

46.9 - 53.3 

<1.0 

M 2°3 

TiO. 

0.6 - 7.7 
0.7 - 6.0 

- 

28.9 - 34.5 

0 - 2.0 
52.1-74.0 

2 

GuO- 

0 - 1.0 

0.1 - 0.2 

- 

0.4 - 2.2 

2 3 
FeO 

8.1-45.8 

25.4 - 28.8 

0.3- 1.4 

14.9 - 45.7 

MnO 

0 - 0.7 

0.2 - 0.3 

- 

<1.0 

MgO 

1.7-22.8 

33.5 - 36.5 

0 - 0.3 

0.7 - 8.6 

CaO 

3.7 - 20.7 

0.2 - 0.3 

14.3 - 18.6 

<1.0 

Na 2 0 

k 2 ° 

0 - 0.2 

: 

0.7 - 2.7 
0 - 0.4 
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Table 5-4. Dmenite in the 90-150 pm Grain Size for Apollo 1 1 and 17 Mare Soils (Ref.2) 
(Microscopically Identified Free Mineral Grains) 


Sample 

Modal Dmenite 
Volume Percent 

10084 

2.2 

79221 

1.3 

78501 

3.7 

75081 

7.6 

75061 

5.3 

71501 

9.0 

71061 

4.6 

71041 

5.6 

70181 

2.3 

70161 

5.0 

Apollo 17 Mean 

4.9 


Table 5-5. Modal Dmenite Abundance as a Function of Grain Size (Ref.2) 

Mare Soil 71061 


Grain Size 

Dmenite 

um 

Vol. % 

45-75 

6.0 

75-90 

3.3 

90-150 

4.6 

150-250 

3.3 

250-500 

2.3 


Table 5-6. Grain Size Distribution for a Mature Mare Sod (10084) (Ref.3) 

Cumulative 


Grain Size 

Weight 

Weight 

Percent 

Percent 

4 - 10mm 

1.67 

1.67 

2 - 4mm 

2.39 

4.06 

1 - 2mm 

3.20 

7.26 

0.5 - 1 mm 

4.01 

11.27 

0.25 - 0.5 mm 

7.72 

18.99 

150 -250 pm 

8.23 

27.22 

90 -150 pm 

11.51 

38.72 

75 - 90 pm 

4.01 

42.73 

45 - 75 pm 

12.40 

55.14 

20 - 45 pm 

18.02 

73.15 

<20 pm 

26.85 

100.00 
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Table 5-7. Chemical Composition of Mare Soil 10084 (Ref. 4) 

Wt. % 


SiC>9 

41.0 

TiOo 

7.3 

AlnOi 

12.8 

&>° 3 

0.305 

16.2 

MnO 

0.220 

MgO 

9.2 

CaO 

12.4 

Na^O 

KjO 

0.38 

0.15 

Total 

99.955 


Figure 5-1. Depth of the Lunar Regolith at the Apollo Landing Sites (Ref. 81) 

For Apollo 14, 16, 17 sites, seismic velocities of the upper units were measured 
and are shown at the side of the columns. 


MARE 


HIGHLAND 1 BASIN EJECTA 1 


APOLLO It APOLLO 12 APOLLO 15 



APOLLO IB APOLLO 14 APOLLO 17 



>250 m >«0 m 


>240 m 


□ 


UNCONSOLIDATED. POROUS. FINE GRAINED REGOLITH 



MORE CONSOLIDATED. LESS porous regolith 
BED ROCK 
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Table 5-8. Hydrogen Abundance Dependence on Grain Size (from Ref. 40) 



10084,149 

i 


12070,127 

1 15021,2 


Size 

Hydrogen 


Hydrogen 1 


H Calc. 

1 

H Calc. 



Calculated 1 

Hyd. 

in Bulk 

1 Hyd. 

in Bulk 


Fraction 

Content 

Weight 

in Bulk Soil 1 

Cont. 

Wt Soil 

1 Cont. 

Wt. Soil 


(Hm) 

(Mg/g) 

Percent 

(ng/g) I 

1 

(ng/g) 

% 0»g/g) 

1 (ng/g) 
1 

* o»g/g) 


<20 

146.7 

25.78 

37.8 1 

107.4 

22.35 24.0 

1 128.5 

23.02 29.6 


20-45 

29.7 

18.33 

7.3 1 

30.1 

17.34 5.2 

I 51.1 

22.96 11.7 


45-75 

24.4 

15.01 

3.7 1 

16.2 

14.82 2.4 

1 22.4 

15.61 3.5 


75-90 

20.1 

5.01 

1.0 1 

9.0 

5.09 0.5 

1 20.8 

4.37 1.1 


90-150 

20.2 

12.24 

2.5 1 

8.7 

13.37 1.2 

1 15.5 

13.26 2.1 


150-250 

11.3 

9.06 

1.0 1 

7.5 

10.60 0.8 

1 8.4 

9.25 0.8 


250-500 

15.7 

8.73 

1.4 1 

9.4 

8.80 0.8 

1 8.2 

7.23 0.6 


500-1000 

7.2 

5.82 

0.4 1 

i 

8.5 

7.63 0.6 

1 11.0 

3.31 0.4 


Total Hydrogen 
Calc, in Bulk 


l 

1 

1 



1 

1 

1 



(Hg/g) 



55.1 1 


35.5 

1 

49.8 


Total Hydrogen 
Found Experimentally 
in Bulk (pg/g) 


I 

1 

I 

54.2 1 

1 
1 


39.2 

1 

1 

1 

1 

1 

1 

49.6 



60501,1 

1 


71501,138 

1 



Size 

Hydrogen 


Hydrogen 1 


H Calc 

1 




Calculated 1 

Hyd. 

in Bulk 

1 



Fraction 

Content 

Weight 

in Bulk Soil 1 

Cont 

Wt Soil 

1 



Oun) 

(ng/g) 

Percent 

(Mg/g) 1 

| 

(Pg/g) 

* (Pg/g) 

1 

i 



<20 

124.1 

24.12 

29.9 1 

126.4 

17.62 22.3 

1 

1 



20-45 

43.0 

17.76 

7.6 1 

47.2 

17.67 8.3 

1 



45-75 

16.1 

13.48 

2.2 1 

18.5 

15.60 2.9 

1 



75-90 

12.8 

4.40 

0.6 1 

9.4 

4.42 0.5 

1 



90-150 

9.6 

11.54 

1.1 1 

7.7 

14.75 1.1 

1 



150-250 

5.2 

9.72 

0.5 1 

2.0 

11.51 0.2 

1 



250-500 

4.4 

10.75 

0.5 1 

2.4 

10.69 0.3 

1 



500-1000 

2.6 

8.22 

0.2 1 

1.7 

6.64 0.1 

1 



Total Hydrogen 


1 

1 



1 

1 



Calc, in Bulk 
(Mg/g) 



! 

42.6 1 


35.7 

1 

1 



Total Hydrogen 
Found Experimentally 
in Bulk (pg/g) 

TaUI a 11 LI 11. 'V'L 


1 

1 

1 

35.8 1 

1 


25.7 

1 

1 

1 

1 

1 

1 




l adle 5-y. Bulk Thermal Release ot Hydrogen (as H 2 and H 2 0) From Lunar Soil 


Sample Number 

Maturity 

B 2 iEE m) 

Ref. 

10084 

Mature 

46 

51 

12070 

Submature 

38 

52 

12033 

Immature 

2 

52 

12042 

Mature 

40 

52 

14240 

Submature 

36 

53 

14422 

? 

50 

53 

15301 

Submature 

52 

53 

15021,4 

Mature 

62 

54 

64421,21 

Mature 

46 

54 

61221,8 

Immature 

8 

54 

74220,22 

Immature 

0.2 

54 

73121,28 

Mature 

46 

55 

15006,141 

Core, top 

40 

55 

15004,183 

Core, next down 

30 

55 

15001,213 

Core, bottom 

28 

55 
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Sample Number 

Maturity 

H 2 (ppm) 

Ref. 

74220,22 

Immature 

0.4 

55 

60006,230 

Core, top 

36 

55 

60006,227 

Core, next down 

30 

55 

60004,407 

Core, next down 

36 

55 

60004,366 

Core, next down 

58 

55 

60002,311 

Core, near bottom 

36 

55 




Figure 5-2. Fraction Total Hydrogen (As H 2 + H 2 0) Released From Lunar Soil 
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6.0 Oxygen from H 2 Reduction of Dmenite 


As described in Section 4.2, a process employing reduction of ilmenite by hydrogen was 
selected for further study. The following sections describe: 

1. Steps leading to full-scale oxygen production including establishing a pilot plant on 
the lunar surface. 

2. A conceptual design for a lunar pilot plant. 

3. Trade studies completed as a part of the analyses. 

4. Scaleup of the plant to higher production rates. 

5. Plant impacts on base operations. 

6.1 Steps to Full-Scale Oxygen Production 

A program to develop a process that produces large quantities of propellant-grade and 
lire -support grade oxygen from lunar materials is envisioned to evolve through the same 
three phase approach proposed for a Lunar Base program in the Civil Needs Database (CNDB) 
(83). The lunar base phases and timing are described in detail elsewhere (1, 84). Phase I 
activities take place prior to a human return to the Moon. Oxygen process development 
steps in Phase I mclude: ^ 

Laboratory scale feasibility studies. Chemical reaction kinetics and yields determined. 
Basic principles of process chemistry demonstrated. 

Hardware (mining and process units) conceptual designs formulated and demonstrated 
m bench scale tests. Investigations made into component/breadboard response to 
input and process changes, measurement and control of impurity levels in feed- 
stock/product streams, interactions in integrated systems, effects of process unit 
scale-up, and materials susceptibility to conosion/erosion in long-term process 
operation. Computer models of process developed and predictions compared to 
experimental data. Process optimization studies by computer models and tests. 
Process control rules formulated and tested. Improved estimates of process mass 
and power requirements. 

• Development/testing of automatic and telerobotic techniques and hardware for both 
mining and process plant equipment. Operation, monitoring/inspection, and maintenance 
of equipment should be carried out automatically and telerobotically to the greatest 
extent possible to reduce direct human involvement. 


* Environmental testing of hardware components and breadboards in vacuum chambers 
in yacuum/theimal cycling chambers, in 1/6-gravity field (i.e. with KC-135), and other 
environmental simulators. This data is essential to properly design the process 

equipment for the lunar environment, and to produce realistic performance and lifetime 
estimates. 

Earth-based pilot plant investigations to verify equipment scaleup laws and to optimize 
process conditions. For instance, the optimum configuration of fluidized bed internals 
could be studied. Quantities of simulated lunar feedstock materials would be required. 

• Unmanned lunar orbiter and sample return missions conducted to select lunar base 
and oxygen production plant sites. 
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A human-tended lunar base is established in Phase H which is assumed to encompass a 

6 year period from 2000-2005 (83-85). Phase H base objectives mclude: 

. Establishing a pilot oxygen production plant on the lunar surface. The pilot plant 
is conceived as a fully-integrated plant that serves to validate lunar oxygen production 
£om mining through che&cal processing and product Jorage, Engmeermg dam 
collected during pilot plant operation would support the design of a full-scale 
production plant optimized for 1/6 g. In addition, and especially if operat^ contm- 
uously during periods without on-site human involvement, the lunar pilot plant 
would serve to verify system automation, teleoperation/telerobotic , and remo e 
mai ntenan ce approaches in the lunar environment (and with a 3 second communication 
time-lag) prior to implementation in a full-scale plant. The pilot plant would also 
be useful to evaluate equipment lifetime under actual operating conditions and to 
certify product quality (thus demonstrating the effectiveness of process steps to 
remove impurities). 

After establishing a larger liquid oxygen (LOX) plant to produce propellant, the 
pilot plant could still be used as a research tool to test new process conditions or 
equipment prior to implementation in the full-scale plant. Pilot plants .are often 
used for such purposes in terrestrial operations. Alternatively, the pilot plant 
could be used to manufacture a high-purity, special grade product such as oxygen 
for life-support, especially if the penalty is large in equipment mass and energy to 
remove impurities or contaminants. 

The real need for a lunar pilot plant to accomplish these objectives versus use of 
Earth test facilities and small-scale lunar demonstration projects of key processing 
steps deserves additional study. For this study, a compile pitot plant was assumed 
required. Given that a pilot plant is necessary, it should be delivered early in the 
Phase n period to allow as much time as possible to reflect the results of pilot 
plant operation in the design of the production plant. Assuming that 1-2 years of 
operation is needed to develop a sufficient data base and another 2 years is required 
to apply pilot plant results and lessons-leamed in production plant design changes 
(and stUl allow time for Earth testing, fabrication, and delivery to the aunch site) 
a minimum of 3-4 years would elapse from lunar delivery of the pilot plant to 
delivery of the production plant. If no design changes are necessary, a shorter 
delay may result, but it also means that the pilot plant may not have been needed 

in the first place. 

Installation of necessary refueling facilities and demonsrtation 
refueling. At a pilot plant production rate of 2 mt/month LOX (1), 13 months of 
full-rate pilot plant production would be needed to provide die lunar lander s round- 
trip requirement of 25.7 mt LOX (based on 30 mt LOX/LH 2 at 6:1 mixture ratio) 

(50). 

. Installation of a larger LOX production plant to provide oxygen for 6-7 reusable 
lander flights per year, or -180 mt/year LOX production. Operation of the plant 
marks the transition to Phase HI lunar base (84). 

The lunar base is permanently occupied in Phase HI. Oxygen production activities include: 

Operation of the 180 mt LOX production plant and lander refueling facilities^ 
Remote operation, pioneered during pilot plant operation, would still be the operating 
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mode of choice to reduce demands on base personnel. However, the permanently 
occupied base would provide access to a nearby human maintenance crew for plant 
equipment repair or replacement. 


• Later plant construction to increase production rates as market conditions indicate 
for supplying LOX to orbital transfer vehicles (OTV’s) and interplanetary missions. 

6.2 Conceptual Design of Pilot Plant 

A conceptual design of a pilot plant to produce 2 mt/month of liquid oxygen (LOX) by 
reducing llmenite with hydrogen is described in the following sections. A flowsheet of 
the process shows all major process units and streams, compositions, temperatures and 
pressures. Section 6.2.2 lists process equipment mass, power requirements, and volume. 
The pilot plant layout and important features are described in Section 6.2.3. 

6.2.1 Flowsheet 

A schematic of the oxygen production process using basaltic rock feedstock is illustrated 
in Figure 6-1. Approximately 88 metric tons of basalt is required for each metric ton 
t produced, given 25 vol.% ilmenite in basalt and other parameters defined in 

Table 6-1. The actual mining rate depends on assumptions of the basalt quality of 
mined material. Given the baselines used for this study (50 percent basalt in the mined 
material and 5 percent oversized basalt as mined), 186 mt is mined per metric ton oxygen. 
In addition, overburden must be removed from the basalt layer, although removal of the 
overburden should be more energy efficient and less time intensive than basalt mining. 
The amount of overburden removal depends on the thickness of the overburden layer 
and the depth of the basalt mine. A thin overburden is likely if basalt were mined 

from the bottom of a mare crater. However, given 2 m deep overburden and basalt 

layers, 1.1 mt of overburden would be removed per metric ton basalt layer mined (a 
larger area of overburden must be removed per unit area mined due to angle of repose 
and to allow clearance). If soil feedstock is used, 327 mt of sod at 5 vol.% ilmenite 
must be mined and processed per metric ton oxygen produced as given in Table 6-1 . 


Table 6-1. Mining Rates for LOX Plants Using Hither Basalt or Soil Feedstock 
Basalt Feedstock 


Baste: 25 voL% ilmenite or 33 wt% ilmenite (see Section 5.1) 


10.5% available oxygen in ilmenite 
90% reactor conversion 
98% ilmenite recovery in mag. sep. 
43.1 % < minimum reactor input size 
64.7% ilmenite liberated by grinder 
33% ilmenite in basalt 
5% basalt > crusher inlet size 
50% basalt in mined material 

Soli Feedstock 


= 9.484 mt ilmenite/mt LOX 

* 10.54 mt ilmenite in reactor feed/mt LOX 

= 10.75 mt ilmenite in mag, sep. feed/mt LOX 
= 18.88 mt ilmenite in fine screen feed/mt LOX 

* 29.19 mt ilmenite in ball mill feed/mt LOX 
= 88.23 mt basalt fed to process plant/mt LOX 
= 92.87 mt basalt/mt LOX 

=» 185.74 mt mined material/mt LOX 


Baste: 5 voL% ilmenite or 7.5 wt.% ilmenite (see Section 5.1) 

10 available oxygen in ilmenite = 9.434 mt ilmenite/mt LOX 
•Jr conver *ion = 10.54 mt ilmenite in reactor feed/mt LOX 

98% umenite recovery in mag. sep. = 10.75 mt ilmenite in mag. sep. feed/mt LOX 

7J% dmeaite in soil = 143.33 mt soilAnt LOX 

44.9% of soil < minimum reactor input size A 
11.3% of soil > maximum input size =326.82 mt soil mined/m 


it LOX 










TTie schematic (Figure 6-1) can be divided into four main areas: 1) mining, 2) beneficiation, 
3) process, and 4) power. 

Mining 

The mining area consists of excavators, oversize and undersize sorters, and haulers. 
Excavators, such as front-end loaders, deposit loads of basaltic rock in the input bin of 
a grizzly scalper. The grizzly contains heavy-duty spaced-bars positioned at an angle to 
remove materials too large for the feed openings of downstream equipment. The rock sizes 
removed were allowed to float with production rate. For the 2 mt LOX/month pilot 
plant, the grizzly was sized to remove rocks larger than 10 cm, while for 83 mt LOX/month, 
25 cm was the cut size. This kept the size of the primary crusher in reasonable balance 
with the required capacity. Another sorter removes particles less than 1 cm from the 
grizzly s undersize material. This step was designed to remove the small particles and soils 
in the mined material containing glassy agglutinate constituents which would complicate 
downstream equipment and calculations. A hauler transports the sized basalt feedstock 
to the feed bin of the crushers. Overburden removal is not illustrated in the schematic. 

The major changes in the mining area for a process using soil feedstock would be to 
combine the grizzly scalper and secondary coarse screen into a single oversize separator. 
Overburden removal would, of course, not be necessary for a soil feedstock operation. 

Beneficiation 

A continuous conveyor transports the sized basalt from the feed bin to a three-stage 
crushing and grinding circuit which reduces the size of the rock to less than the average 
ilmemte grain size (<0.5 mm, as described in Section 5.1). Fines generated in the milling 
operation are removed by vibratory screens to avoid excessive carryover/entrainment of 
these small particles in the reduction reactor. Particles greater than the minimum allowable 
reduction reactor feed size are fed into a holdup bin and then into a magnetic separator. 

Ejects the feed to several stages of high-intensity magnetic fields to remove 
the slightly magnetic ilmenite particles from non-magnetic gangue (mixed particles of 
pyroxene, plagioclase, and olivine minerals from the basalt). The recovered ilmenite is 
conveyed to a low-pressure feed hopper of the reduction reactor. 

A soil feedstock process would not need the crushing/grinding circuit but would require 
additional screening units (or other fines separators such gas classifiers) and larger 
ilmenite magnetic separators. 

Process 

Ilmenite is fed through low and high pressure feed hoppers into a three-stage flui dized 
reactor. The feed is preheated in the top bed of the reactor by gases from the 
middle bed and electrolysis cell. Reduction of ilmenite by hydrogen takes place primarily 
j® middle bed. Residual solids are cooled by preheating the gas stream in the bottom 
bed before being discharged through a gas/solid separator. The water product of reaction 
from the middle bed is dissociated into oxygen and hydrogen in a solid-state electrolytic 
cell operated at reaction temperature. The oxygen is cooled, liquefied, and stored while 
the hydrogen is used to preheat the incoming solids. Sensible and endothermic reaction 
heat requirements of the reactor are provided by electrically heating the gas stream to 
the middle bed. Cyclone separators are used to separate dust from gas, necessary to 
protect downstream equipment from erosion damage and fouling. Liquid hydrogen is 
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vaporized to provide makeup for process H 2 losses. Active cooling loops, not sho 
the schematic, transfer waste heat from the beneficiation equipment, motors/p p 
other rotating equipment, and the oxygen product stream to a central radiator system. 

P <? w £f 

Solar-electric sources provide power requirements during the lunar day for process 

and for regenerating reactants used in fuel cell power storage systems. 
lunar night, 8 fuel cells maintain high temperature portions of the process (reactor, 
cell, electric heater, and gas recycle compressor) on hot-standby to jSSZSv 

cycling of refractory linings, which might otherwise reduce equipment lifetime, ^tenutovely, 
a nuclear-electric power source would allow the process to operate day and night, 
decreasing the size of the plant for a given oxygen production requirement. 

Flowsheet Conditions 

The compositions and flowrates of the various pro^ss streams ^ # g ven S 

where the stream numbers for the flowsheet are defined m Figure 6-2. This flowsheet 
is for a 2 mt/month LOX pilot plant using basalt feetfatock. The pilot P^js ^urrwd 
to be powered by solar photovoltaic arrays during the 2-week lunar day, and keg on hot- 
standby during the 2-week lunar night using a regenerative fuel cell to P^de power 
for reactor/electrolysis system heat losses and miscellaneous iequiremente. Overall plant 
duty cycle is 45% (based on 90% utility for 50% of the time), while the duty cycles of 
mining area units are 35% (70% utility for 50% of the tune) due to the greater likelihood 
of higher maintenance requirements for mining equipment. The flowsheet conditions 
have been adjusted for 45% duty cycle throughout to allow comparisons. 
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LKj Tank 











Table 6-2. 

Pilot Plant Process Flowsheet Conditions 

(2 mt LOX/month, basalt feedstock, PV/RFC power system, 45% duty cycle) 


Row Rale 

stm«m No. Ph-e flm/davl 

None - Overburden Solid 30,941 

Stream 

Constituent* Temp, 

(kg/davl C£D 

Soil -20 

Pressure 

(atmi 

Description 
Overburden removal 

— 

1 

Solid 27,141 

Basalt: 13,571 -20 

Soil: 13,571 

- 

Mining basalt layer. Subsurface temperature 
nearly constant (86). 


2 

Solid 679 

Basalt -20 

- 

Oversize basalt rocks, >10 cm. 


3 

Solid 26,463 

Basalt: 12,892 -20 

Soil: 13,571 

- 

Undersize from grizzly, <10 cm. 

— 

4 

Solid 13,571 

Soil *20 

- 

Small particles < 1 cm. 


5 

Solid 12,892 

Basalt -20 


Sized basalt fragments, > 1 cm, < 10 cm. 
Stream #5 flow actually 16,576 kg/day <§> 
35% mining duty cylce. Bln provides holdup 
volume. 

— 

6 

Solid 12,892 

Basalt -20 

- 

Feed of sized basalt fragments to crusher. 

— 

7 

Solid 14,181 

Basalt 

- 

1,289 kg/day fragments > desired output, 
12,892 kg/day < or - desired output (2.5 cm). 


8 

Solid 1,289 

Basalt 

- 

Oversize (>2.5 cm) from jaw crusher screen. 


9 

Solid 12,892 

Basalt 

- 

stand < 2.5 cm feed to secondary crusher. 


10 

Solid 1,289 

Basalt 

- 

Oversize (>3 mm) from secondary screen. 

— ■ 

11 

Solid 14,181 

Basalt 

- 

1,289 kg/day > desired output size (3 mm). 
12,892 kg/day < or * desired 3 mm size. 


12 

Solid 12,892 

Basalt 

- 

Sized < 3 mm feed to ball mill 


13 

Solid 12,892 

Basalt Oangoe: 10,133 
Dmenite: 2,759 

- 

5,550 kg/day < minimum allowable size (0.03 
mm) to avoid excessive carryover in reactor. 
7,342 kg/day > 0.03 ram. Feed fine screen. 

— 

14 

Solid 5,550 

Qangue: 4,362 
Dmenite: 1,188 

- 

Fines (<0.03 mm) discarded. 


15 

Solid 7,342 

Oangue: 5,771 
Dmenite: 1,571 

- 

Oversize (>0.03 mm) from screens. 


16 

Solid 7,342 

Gangue: 5,771 
Dmenite: 1,571 

- 

Duty cycle (45%) same before and after 
hold-up bin. Therefore, feed magnetic 
separator at same flow rate as feed bin. 

— 

17 

Solid 5,631 

Gangue: 5,599.4 
Dmenite: 31.4 

- 

Non-magnetic discharge from magnetic 
separator. 

— 

18 

Solid 1,711 

Gangue: 171.1 
Dmenite: 039.9 

- 

Dmenite to low-pressure feed hopper. 


19 

Solid 1,711 

Gangue: 171.1 
Dmenite: 1,539.9 

9.9 

Feed-hoppers cycle in sequence, same duty 
cycle. Same flow as stream #18. 


20 

Ou 284.5 

H^: 275.88 732 

H;0: 8.66 
Dust/Dnes < 0.03 mm 

9.9 

Offgas from top bed routed to cyclone to 
remove entrained fines. 

— 

21 

Ga« 284.5 

H-: 275.88 732 

H^O: » “ 55 

9.8 

Pressure drop through cyclone small (<0.5 
pd), pressure drop through pipe < 1 psi. 

— 



Table 6-2 (Cont). Pilot Plant Process Flowsheet Conditions 

(2 mt LOX/month, basalt feedstock, PV/RFC power system, 45% duty cycle) 


Stream No. 

Flow Rate 
Phaae (Trg/dav^ 

Stream 

Constituent* 

fley/rifly) 

Temp. 

ro 

Pressure 

(atm) 

Description 

22 

Solid 

Dust/finea < 0.03 

mm 


Cyclone calculated to remove 98% of 10pm 
or larger particles, 69% of 2pm particles, 
and 36% of 1 pm particles. 

23 

Oaa 430.7 

H-: 257.47 
HTO: 173.18 
DQst/Bnes 

1000 

9.95 

Product gas from reduction reaction. 

24 

Oaa 430.7 

Ryi 257.47 
H^O: 173.18 

1000 

9.9 

Pressure drop through cyclone small. 

25 

Gas 284.5 

H-: 275.88 
H~0: 8.66 

1000 

9.9 

Electrolysis hydrogen-nch exit stream. 

26 

Solid 

Dust/fines < 0.03 mm 


Cyclone removes most >10pm particles as 
in stream #22. 

27 

Gaa 284.5 

R,: 275.88 
HfO: 8.66 
Dust/fines 

771 

10 

Gas in bottom bed heated by descending 
solids. 

28 

Gaa 284.5 

H-: 275.88 
RJO: 8.66 

771 

10 

Inlet gas to electric heater. 

29 

Solid 

Dust/Tines < 0.03 mm 


Cyclone removes most >10pm particles as 
in stream #22. 

30 

Gaa 284.5 

H,: 275.88 
H|0: 8.66 

1228 

10 

Gas heated to provide heat of reaction. 

31 

Gaa 284.5 

H-: 275.88 

HjO: 8.66 

732 

10.0 

Gas from top bed compressed, injected 
into bottom bed. 

32 

Solid 1465 
Gaa 0.14 

Gangue: 171.1 
Dmenite: 154.0 
TiO-: 729.7 
Fe: 510.1 
H 2 : 0.144 

<771 


Residual solids from reactor w/ some 
interstitial gases (97 wt.% hydrogen) which 
are lost when exposed to vacuum. 

33 

Solid 12,746 

Fines: 5550 
Non-magnetics: 5631 
Residual Reactor Solids: 1565 

- 

Total processing tailings rate. 

34 

Gaa 

H 2 

H|0 



Hydrogen (97 wt%) and water recovered from 
reactor discharge hopper. (Flow not calc) 

35 

Gaa 

H 2- H 2° 


10.0 

Recovered gas recompressed. 

36 

Liq. 0.14 

H 2 : 0.144 

-252.7 

1 

Liquid hydrogen pumped to electric heater/ 
vaporizer for process makeup. 

37 

Gaa 0.14 

»2 

771 

1 

Hydrogen vapor to makeup process losses. 

38 

Gaa 0.14 

H 2 

771 

10 

Compressed hydrogen injected into reactor. 

39 

Gaa 146.12 

°2 

1000 

9.8 

Product oxygen from electrolysis. 

40 

Gaa 146.12 

°2 

27 


Oxygen cooled by active thermal control 
system prior to liquefaction (1.8 kwt rejected). 

41 

42 

Liq. 239.48 

Gaa 93.36 

°2 

°2 

-183 

-183 

56 

1 

1 

Includes 146.12 kg/hr oxygen from process 
and a maximum of 93.36 kg/hr oxygen boiloff. 



6.2.2 Mass Statement 


A list of mass, power, and dimensions for the equipment required in a 2 mt/month LOX 
pilot plant is given in Table 6-3. Total plant mass is 24,700 kg, including a power 
system generating 146 kwe during the lunar day and 9.6 kwe dining the lunar night. 
Plant equipment was sized using the equations and scaling relations desenbed in Appendix 
A Basalt feedstock was used. Power was provided by photovoltaic (PV) array sand 
regenerative fuel cells (RFC). Given these power sources, plant duty cycle was baselined 
as 45% and mining equipment duty cycle was 35%. 
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Table 6-3. 


Lunar Oxygen Pilot Plant Equipment List 

(2 mt LOX/month, basalt feedstock, PV/RFC power system) 


Front End Loader 

Hauler 

Pit Scalper 

Mining Total 

Feed Bin 

Primary Jaw Crusher 
Coarse Screen 
Secondary Crusher 
Secondary Screen 
Ball MUl 

Fine Vibratory Screen 
Storage Hopper 
Magnetic Separator 
Beneficiahon Total 

Lo-Pressuie Feed Hopper 
Hi-Pressure Feed Hopper 
Reactor 
Electric Heater 
Electrolysis Cell 
Blower 

Cyclone Separators (3) 
Discharge Hopper 
Tailings Conveyor 
Oxygen Liquefier 
LOX Storage Tanks (2) 
Radiator/TCS 
Hydrogen Makeup Systr*~ 
Liq. Hydrogen Tank 
Liq. Hydrogen (Max.) 

H- Heater 
HT Blower 
Process Piping: 

3 cm ID Pipe 
0.25 cm Pipe 

Process Total 
Process + Beneficiahon 


Margin 3618 

Total Mining St Plant 15677 

Photovoltaic Power Sys. 5721 

Regenerative Fuel CeU 3285 



Nominal 

Dimensions 


Mass 

Power 

W/D 

L 

H 

V - 

flt *) 

(kw) 

(ml 

(ml 

(ml 

(m ) 

1968 

2.99 

2.1 

3.9 

2.3 

18.6 

1015 

0.29 

2.5 

4 

2.5 

25 

380 

1.18 

2.1 

4.2 

3.6 

31 

3363 

4.45 




74.6 

215 


3.9 

3.9 

1.5 

22.7 

724 

0.38 

0.4 

1.4 

0.7 

0.4 

3 

0.08 

0.3 

0.4 

0.4 

0.04 

239 

1.50 

0.5 


1.0 

0.24 

3 

0.09 

0.3 

0.4 

0.4 

0.04 

1914 

16.4 

0.8 

1.0 


0.4 

500 

15 

2.5 

4.0 

0.9 

9.0 

32 


2.7 


2 

11.6 

248 

0.3 

0.5 

0.6 

0.9 

0.2 

3879 

33.8 




44.7 

12 


1.3 


2 

2.7 

77 


1.3 


2 

2.7 

1963 


0.9 


6.6 

4.4 

134 

24.0 

0.9 

1.1 


0.7 

213 

33.5 

0.6 

0.6 

1 

0.4 

29 

0.3 

0.2 


0.3 

0.01 

3 


0.1 


0.4 

0.01 

102 


1 


2 

1.6 

23 

0.01 

0.2 

15 

1 

0.3 

199 

^ t A 

4.6 

0.4 

1.3 


0.2 


1362 


Power Total 9005 

Plant St Power Total 24682 


30.2 

131.0 


Same front loader and hauler used for both 
overburden removal and mining. 

Spaced, parallel bars to remove oversize and 
vibratory screen to remove fragments < -1 cm. 


1.7 

3 


22.7 0.01 


5.1 

0.7 


12 

12 

0.1 

3 

0.03 

0.03 

1.0 

0.1 

0.1 

0.1 

0.1 

0.6 

302 

151 


0.03 

89 

120 

0.06 

4817 

62.5 

4.3 

13.7 

18.8 

199 


Volume based on stowed 0.1 m thickness. 

Mass <£ volume of both tanks. 4 mt LOX capacity. 
136 m radiator area, 24.4 kwt heat rejection. 

Empty weight. 

180 days supply for expected loss of 2 kg/month. 


4.3 


274 


13.2 


102 


145.9 


58 


115 

389 


Major equipment in the beneficiation/process areas 
can be manifested into Shuttle payload pallet 
(~14* diameter x 45’ long) leaving room for 
accesatfmaintenance. 

Contingency for structure St mi sc., mares, 
redundancy. 

Generates 145.9 kwe (131.0 for process and 14.9 
for recharging regenerative fuel cell). 7 space 
station sipe panels (8.74 m x 29.1 m) required @ 
86 W/m . Volume of solar wing boxes and mast 
canister 1.9 m /panel. 

Includes (2) 2.7 m GH- tanks, (2) 2.2 m GCL tanks, 
(1) 1.3 m H^O tankf and regenerative fiftl cell. 
Generates 9.<T kwe to maintain process on hot 
standby during lunar night (336 hrs). - RFC 
units individual total volume is 33.6 m 3 , but 
manifested into Shuttle payload pallet (w/ water 
tank full, other tanks empty) requires 102 m 3 . 

Total power generation = 156.3 kwe, 57.8 kg/kwe. 


6.2.3 Equipment Description 

A depiction of the lunar oxygen pilot plant conceptual 

Priori features are musjraed in > the callout p^^TS. 

^utoLSl^e 3 iK'nTffi 6-3 while Appendix A presents additional supporting data 
in many cases for the equipment sizing equations. 

Front-End Loader 

A front-end loader r (FEL) is shown in Figure 64 ^^le 

fa^ed on a 0.5 nr bucket (approximately triangular 1.6 m wide x 0.8 m d*®P * . 

Ugh) wMch, when applying scaling Se tteFEL Complete 

remaining to perform 

additional surface base operations. 


Basis: 35% duty cycle, 255.5 hrs/month, 2 mt/month LOX pilot. Basalt Feedstock 


Percent of Available Time used to: 
Remove O verburden MiflC Fg^ L 


Front-End Loader 
Hauler 


6.5% 

7.6% 


5.0% 

7.7% 


IsM 

11.5% 

15.3% 


Basis: 35% duty cycle, 255.5 hrs/month, 2 mt/month LOX pilot. Soil Feedstock 


Front-End Loader 
Hauler 


0% 

0 % 


10 . 0 % 

20 . 0 % 


10.0% 

20 . 0 % 


TimeAvail. 

ForOther 

Tasksfhr) 

226 

217 


230 

205 


sfe sss& s. srs i 

application. 

The FEL dumps its load into the receiving bin of the grizzly scalper/coarse screen 
^ch is iSi “the pit as shown in Figure 64 (the recetver bm contanung the 
grizzly is near ground-level behind the two elevated bins). 

Pit Scalper 

The nit scaloer con tain s a grizzly to remove large oversize rock, and a coarse 
25,!? ET<“ NTiLly is a simple device of spaced bars tha. are alrgned 
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? VT™ 1 OVersize . rock to ro11 off - ^ phot plant concept, rock greater 
the too of* th* chamete 5 1S re J ec ted. The remaining undersize material is conveyed to 

^oil/roHr pi r SCal ? er T here 11 enters a coarse vibratory screen which separates 

sod/rock particles finer than 1 cm. The oversize (> 1 cm) is discharged to the right- 

and bm in Figure 6-4, while the undersize drops into the bin on the left side Power 

tt&EEL'Z P T id f fr °7 P ower system via electricial cables laid on the 
surtace (with bridges over them) as indicated in Figure 6-3. 

Hauler 

The hauler is envisioned as a self-propelled, telerobotic materials transporter. It acquires 

bin^e hoS ^“ d f° Ck f :° m P“ *H». *«nspom itto the pr«essfeed 

o to dump the material into the bin), collects a load of tail iocs 

in Figure 6-4), dumps the tails at a discharge “S 
fhin ’r ^ CtUm f the . P u to take 3 load of undersize material to the discharge area 
then returns to the ptt to repeat the cycle. One hauler with a 4.5 a? bed (selected^ 

S™ an ,H?, COm| ? liSh , ^ ,ask ® for the PUot plant with sufficient time 
emauung to perform additional sod transport duties around the base. If a dedicated FEL 
and hauler for mining was required, significantly smaller vehicles than those given in 
the equipment list (Table 6-3) could be substituted. However, given the rangfof Sa» 
perations anticipated (84), multifunctional vehicles perfoiming a variety of jobs seem 

S,^ r sy^‘ y b ~ "" “ "*4. m ore 

fS, 1? I EL ,. and 1 hauIer 316 telcoperated/robotic devices that will require control from 

S^Sfi^nfnn hi 0t / lant “ * op^re during non-manned periods of die Phase II base. 
Significant on-board computational capability, combined with strategically located navigational 
maAe^acons around the .plan, and mine area, will be required for* ffiESKSS 
orthese vehicles with the 3 second delay in Earth teleoperated mode (84 90) Human 
co " tro1 °f a nearly autonomously operating vehicle is indicated. ’ This will 
quire automation and robotic (A&R) research and technology development Teleoperations 
from the lunar base is also possible when the base is manned. eteoperations 

SdL^n tffpv SyStCmS WCr ? b ff lined for the FEL and hauler (with a penalty 
added to the PV array power load for regenerating the FC reactants). Dedicated machines 

could probably use extension cords plugged into the plant’s power system It would be 
advantageous to permit dual-power mode vehicles, capable of receiving^ power requirements 
from either on-board fuel cells or the power network via electric cables. requirements 

“ PigUr *i 6 : 3 *1 approximately 30 m from the process plant. Although a distance 
effeits^f ” ^^calculations, the only requirement is to minimise 

nro^iffnf d v fr0m ^ mmmg md P rocessin g requirements on optical and 
Properties of sensitive components, such as solar arrays and radiators. Since small 
particles follow ballistic trajectories, and the forces exerted by the mining operations 

realistic* than thT! e *P losi y es «« used), the illustrated distance mfy te more 

hauSg t ,w ^nH 1 ^ “S d m u 12 ? 8 calculations - Shortcr distances will reduce required 
5 ^’J™ 1 th “ s reduce hauler size and mass (for the production plant). Figure 

ItiZrT* 1 *** ±C - rame after a single year of operation The size of the Se 

after several years operation is given in Table 6-4. 
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Figure 6-3. Conceptual Design of a Lunar Oxygen Pilot Plain 



6 


Figure 6-4. Conceptual Design Call-Out 
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Table 6-4. Extent of Mine (Basis: 2 mt LOX/month, basalt feedstodt, 2 in deep overburden 
and 2 m deep basalt layer, other parameters given in Table o-i) 


Year = 

Sq. Side of Overburden Removed (m) 
Mass Overburden Removed (mt) 

Square Side of Basalt Mine (m) 

Mass of Basalt Layer Mined (mt) 


1 

2 

_3_ 

38 

5,088 

53 

10,177 

65 

15,265 

33 

4,458 

47 

8,915 

57 

13,373 


Support Structure 

After a haul er load of basalt feedstock is dumped into the process feed bin, the basalt 
is conveyed by continuous conveyor to the top of the process support sttucture. 
Shuttle payload 5 ^ bay pallet (14’ outside diameter x 45’ long) was used as the pilot plant 
structure^ both to provide a reference size scale and to convey the point that the major 
Submits are delivered fully-integrated to the lunar surface. Besides emplacm^ the 
process pallet itself, the only required assembly and connections are for utdity inter- 
faces and large flexible structures such as the solar arrays and central thermal control 
system radiator.’ The pallet will need to be stablized in the vertical position by seeiirmg 
h lo pSrdiat have been drilled into the bedrock (2-5 m below the surface) or by 
using P guv*wires. The process support structure is mounted in the vertical direction 
Sse^this orientation ^required for the long fluidized-bed reactor and ^° t^e advance 
of gravity for solids processing. After they are conveyed to the top of the process 
stack, the solids drop through all subsequent unit operations. 

The Plant is operated nearly autonomously with remote monitoring and supervision, however, 

plant must be accommodated. For this purpose the strucmre 
teflomoiin® at ground lVvel, 15’ level, and 30 1 level with connectmg lathters and guard 
rails to allow human inspection/maintenance of the process vessels. The plant was 
arranged to provide access room around the process units. 

Although effort was expended on arranging the process units in thc ^PP^ 
to optimize plant operations and allow access by on-site crew, no effort was made 
checkto^die P center-of- gravity location with Shuttle payload aflowables and other launch 
criteria. 8 It should be noted that payload manifesting could significantly impact plant 
design and should be considered in early design studies. 

Crushing/G rinding Circuit 

A 3-stage crushing and grinding circuit reduces the size of feedstock rock from 1000 
to 2500 8 toes to release ilmenite grains in relatively pure form from 

Ideallv the rock would break along interfaces between mineral grains, thus releasing 
pure Umenite with a minimum of crashing. However, random breakage across gram ms 
more typical in actual practice (91, p.8-15; 92). Therefore, grinding to a size substantially 
smaller than that of the grains is necessary to separate mineral particles. Figure 6-5 
shows that for an ore with 25 vol.% ilmenite and 0.5 mm grains (see Section 5.1), approxi- 
mately 65 ircTnt of the ilmenite will be released as essentially pure Amende particles 
b/ gringo ^ average size of 0.1 mm. The rest of the ilmenite will be contained 

in particles with various amounts of gangue minerals. 
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llmenite Grain/Final Particle Size 

10 vol.% + 25 vol.% O 35 vol.% A 45 vol.% 




Figure 6-6. Schematics of Crushers/Grinders (Ref. 92) 


Jaw Crusher - Primary Crusher 



Secondary Crusher: Gyratory 


or 


Cone 




Grinder: Ball Mill 
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The first stage of the crushing/grinding circuit is a jaw crusher that operates at a 4:1 
reduction ratio of input to output particle sizes. This crusher works by squeezing the 
rock between fixed and movable jaws until it breaks (Figure 6-6). The jaws cycle several 
hundred times per minute as the fragments fall down to a narrower part of the wedge 
to be squeezed again, until they can escape through the minimum gap at the bottom. A 
jaw crusher is more efficient than other types for reducing large, blocky feed (93, 94). 
Jaws feature easy adjustment for wear and simple maintenance/repair (92, 94). 

Secondary crushing by cone or gyratory crusher reduces the sized output from the jaw 
crusher by 10:1. As given in the schematic of Figure 6-6, the crushing faces in a cone 
or gyratory are between a eccentrically mounted rotating cone and a fixed bowl. These 
crushers are known for high throughput and lower power consumption for a given size 
reduction (93, 94). 

A ball mill is used to reduce sized materials from the secondary crusher to a target size 
of 0.1 mm. This mill utilizes steel or ceramic balls or rods as a grinding medium. An 
alternative to reduce mass by eliminating the heavy steel/ceramic grinding media is an 
autogenous grinder that uses larger fragments of the material to be ground itself as the 
grinding agent, however, adequate characterization testing must be performed and pro- 
ductivity may be lower. 

The sizing/scaling relationships were developed on conservative assumptions as to the 
degree of ilmenite liberation, fines generation, and power requirements. Actual crushing 
tests on the proposed ore feedstock are always recommended to ascertain what can be 
achieved (91-95). 

Fines Removal 

Ball mill product will contain small particles or fines that will need to be removed since 
they will be swept out of the fluidized bed reactor by the gas stream. At conditions 
existing in the reactor, 0.03 mm particles are the minimum allowable feed size to avoid 
excessive entrainment in the gas stream (calculations in Appendix A). At an average target 
size of 0.1 mm, the ball mill product will contain 43 wt.% particles less than 0.03 mm. 
A vibratory screen was selected to remove these fines and is shown in Figure 6-4. 
However, screens with apertures less than about 100 microns are inefficient (91), thus, 
this application of screening results in relatively large screen areas and high power 
consumption. Alternatives to screening include cyclones and mechanical gas classifiers, 
that could possibly be combined with the reactor system to remove fines from the top 
bed of the fluidized bed reactor. Electrostatic sizers have also been proposed (46) and 
some industrial/laboratory experience with this concept exists (91, p.21-44). 

Hold-up Bin 

A bin was inserted between the fine screen product-stream and ilmenite separation stage 
to allow for hold-up time in the event of mechanical problems with either upstream or 
downstream equipment. Hold-up tanks or bins are useful in continuously operating terrestrial 
plants to maintain productivity in the event of unexpected problems and to balance feed 
and product flow rates between different areas of the plant. If a problem occurs in the 
crushing/grinding circuit of the lunar pilot plant, inventory in the hold-up bin can be 
worked off to keep downstream equipment operating while the problem is corrected. If 
a problem occurs in the magnetic separator, the hold-up bin can be filled while making 
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the necessary repairs. The bin was sized to contain up to 3 days of storage capacity at 
maximum production rates. 

Magnetic Separator 

Ilmenite in the material from the hold-up bin is extracted by a magnetic separator. 
Because ilmenite is slightly magnetic, a high intensity magnetic field is required to affect 
efficient separation. An induced magnetic roll (IMR) machine was selected for the pilot 
plant process. In this machine, a series of revolving laminated rolls in the IMR are 
ciKtgjzcd by induction from a stationary electromagnet. The poles of the electromagnet 
are in close proximity to the rolls creating an intense magnetic field where the magnetic 
flux converges on the roll surface. A carefully controlled thin stream of material is fed 
to the top of the first roll. As the roll revolves, the material passes in the narrow gap 
between the pole of the magnet and the roll. Non-magnetic particles follow a trajectory 
unaffected by the field as they are discharged from the roll while magnetic ilmenite 
particles are attracted to the roll and are discharged into a separate chute. Non-magnetic 
particles from the first roll are passed by gravity to successive lower rolls, each at a greater 
magnetic field strength, where additional ilmenite is removed. Of the ilmenite released 
as essentially pure mineral particles by the grinding steps, it is expected that these 
successive magnetic separation stages will recover approximately 98% of the ilmenite. 
However, the purity of this stream was assumed to be only 90 percent by weight ilmenite. 

High -intensity permanent magnetic roll separators (permrolls) using rare-earth materials 
in the rolls are presently available (96, 97). These machines can produce similar magnetic 
field intensities as IMR equipment but at significant savings in equipment mass and 
power. A permroll installation would typically require only 10 percent of the electric 
energy, 10-20 percent of the mass, and 60 percent of the volume compared to an IMR 
machine for identical applications (98, p.145). However, an IMR provides flexibility 
unavailable from a permroll, which would be especially important for a lunar pilot plant 
application. For instance, to produce the most efficient separation, the magnetic field 
strength of an IMR can be adjusted by changing the magnet/roll gap spacing, roll speed, 
and flow rate. An adjustable splitter can also be used to regulate the amount/purity of 
jlnMMiitft removed. However, only roll speed and splitters can be adjusted to affect 
separation efficiency in a permroll installation. It is possible, though, that the in-situ 
optimization experience provided by a pilot plant operation could provide the data necessary 
to design permrolls with confidence for the full-scale production plant. 

Electrostatic separation based on the difference in electrical conductivity between ilmenite 
and other gangue minerals is another alternative for beneficiation of the . ilmenite particles 
(46, 74, 99). Although nm« and power requirements for an electrostatic unit itself may 
be less than an equivalent IMR application (46), the feed to the electrostatic separator 
has to be heated to 150-200*C and precharged for best results (99, 100). This requires 
large amounts of electrical energy or mass penalties for solar-thermal concentrators 
(70). Besides a thermal energy penalty, preheating lunar dust fines would probably 
require a heat transfer agent (gas or liquid) for efficient heating, thus introducing additional 
process complications. Magnetic separation methods were preferred for these reasons. 

Reactor Feed Hoppers 

A continuous-flow conveyor transfers the ilmenite recovered from the magnetic separator 
to the reactor feed hoppers at the top of the support structure. A series of two hoppers 
is used to minimize gas losses from charging the reactor. Feedstock is fed into the 
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low-pressure feed hopper while a screw conveyor feeds the reactor from the high-pressure 
feed hopper. A valve (star valve, slide gate, or other solids handling valve capable of 
holding pressure and multiple operations) between the hoppers is kept closed. When 
inventory in the high pressure feed hopper is at an appropriate low point, feed to the 
reactor is momentarily shut-off, a valve between high-pressure feed hopper and reactor 
closes, and pressure in the high-pressure feed hopper is bled-off (either to vacuum or 
into a gas collection system). Then the valve between feed hoppers is opened to rapidly 
reinventory the high-pressure feed hopper. After the valve between hoppers is closed, 
feed from the high-pressure hopper is re-established into the reactor. Maximum capacity 
of each hopper is three days of feedstock. Therefore, cycling of the feed hoppers 
would take place every 2-2.5 days, with small gas losses, even if gas is bled to vacuum. 

Alternatives are possible to this feed system. Both hoppers could have direct access to 
the reactor, one being on-line while the other is being filled. However, both would be 
sized to contain the high pressures associated with reactor operation, requiring thicker 
skins and more mass than the stacked system proposed. Modified designs of systems 
used to charge modem (pressurized) iron-blast furnaces, such as a dual lock-hopper system 
with rotating distributor chute (called a Paul-Wurth bell-less top) or standard multiple- 
bell systems (101, p.27; 15, p.397) could be used. In any case, gas losses while feeding 
the reactor should not be a problem. 

Fluidize d Bed Reactor and Reactor Auxiliaries 

Dmenite reduction takes place in a three-stage fluidized bed reactor (see Figure 4- lb) 
operating for this conceptual design at a maximum of 1,000*C and 10 atm. Assumptions 
in sizing the reactor were solids residence time of 4 hrs, a 5.5 m inside reactor length 
(1.8 m of which is actually occupied by solids in all three beds), per-pass hydrogen 
conversion of 2/3 of the equilibrium value (14), and 90% conversion of the ilmenite to 
iron/rutile. Given these assumptions, a 0.31 m (1.02’) interior diameter of the reactor 
was determined. Superficial gas velocity in the fluid beds of this reactor can be expected 
to be 1 /sec (14). Reactor input material sizes under these conditions should be greater 
than 0.03 mm to avoid excessive carryover of fines and less than 0.9 mm to allow fluidization 
to occur (calculations in Appendix A). The steel shell of the reactor is protected from 
the high temperatures by a refractory lining. For sizing purposes and thermal balances, 
the central 0.31 m core of the reactor was surrounded by 7.5 cm of high-density (S.G. 
2.24) superduty firebrick that has the toughness to withstand the erosional nature of the 
high temperature gas/particles in the fluidized beds. Surro unding this is 23 cm of low- 
density (S.G. 0.14), low thermal conductivity insulation used for the Shuttle thermal 
protection tiles. The Shuttle tile ceramics can withstand repeated thermal cycling without 
cracking, but are susceptible to impact damage. Thermal cycling should be avoided in 
the reactor and other high temperature systems to protect high-density insulation, reduce 
the chances of process leaks, and extend lifetimes of metallic equipment. For this 

reason, the reactor and associated high temperature equipment will not be shutdown 
cold, but will be left on hot standby (no production) during the 2-week lunar night. 

Handway s are shown on the exterior of the reactor in Figure 6-3. They are 12 cm 
diameter penetrations into the interior with bolted covers that allow access for visual 
inspections of the fluidized bed internals and refractory lining (after the reactor is 
shutdown). If repairs or configuration changes to internals are necessary, the reactor 
heads must be pulled (by unbolting and using a winch/cable system) to allow sufficient 
maintenance access. 
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r'a lrui ftt^H reactor radiative heat losses (7.5 kw), sensible heat requirements (10.8 kw), 
and aidothermic reaction heat requirements (4.7 kw) are provide by heating the gas 
stream entering the middle bed of the reactor in an electric resistance heater. 


Dust in the exit gas streams is removed in cyclone separators containing no rotating 
parts. The cyclones will remove 98% of the 10 micron particles and 36% of the 1 micron 
particles. Several cyclones in series may be required to reduce total particulates in the 
gas stream to acceptable levels for downstream equipment. 


A screw conveyor transports reactor residual solids from the bottom bed of the reactor 
to a discharge hopper. This unit may require a double lock hopper system such as the 
feed system. A single, long unit was sized for the pilot plant to allow a maximum of 2 
days residence time for the solids to setde and separate trapped gases. A gas recycle 
loop recovers expelled gases. A maximum hydrogen loss rate of 2 kg/month was calcinated 
by assuming that interstitial gas is trapped in pores of the solids bed (60% porosity assumed). 


A solid-state electrolysis cell operating at 1,000*C will separate the water product of 
reaction into oxygen and hydrogen. The hot hydrogen is recycled to the reactor s top 
stage to pre-heat the solids feed which reduces reactor thermal requirements. 


Oxygen Liquefaction and Storage 

Oxygen from the electrolysis cell is actively cooled by jacketed pipe to 25 C prior to 
entering the oxygen liquefier. A Stirling cycle refrigerator operating at a 38% Carnot 
efficiency, or 23% overall efficiency over theoretical minimum cooling load of O.lUo kw- 
hr/kg Oo (101), was used as the basis for mass/power estimates. The liquefied oxygen 
is stored in two buried tanks (to minimize boiloff) with a total capacity of 4 mt oxygen 
(2 months production at full rates). Boiloff from the tanks is recycled through the 
liquefier. Maximum boiloff rates based on unburied tanks, protected only by 3 of multi- 
layer insulation, were assumed for calculating worst case boiloff for liquefier sizing 
purposes. 

An oxygen loading station is shown in Figure 6-4 consisting of a pump, piping and valves 
to allow w ithdr awal of oxygen from either tank, and a flexible hose (metallic wire or 
fabric overwrap with suitable liner for cryogenic service, and specialized end fittings). 
A loading station might be necessary as a demonstration. Pilot plant oxygen would also 
be useful for suppling oxygen reductant requirements for surface vehicle fuel cells. 


Tailings Disposal 

Of the 88.23 mt basalt/mt oxygen that is delivered by hauler into the feed bin of the 
process plant (see Table 6-1), 87.23 mt/mt oxygen will be discarded. Tailings from the 
fine vibratory screen (undersize), magnetic separator (non-magnetics), and reactor residuals 
(ilmenite, rutile, and iron) are collected on a V-belt conveyor and transported to the 
discharge bin shown in Figure 6-4. A hauler collects the tails and deposits them m the 
tailings discharge area. Lighter tailings piles would result from the vibratory screen 
and magnetic separator tails because they would turn light or white after being crushed 
and ground. The tails from the mine pit itself (and from the reactor) would be darker 
reflecting basalt colors (and the dark iron/unreacted ilmenite in the reactor tails). 
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Makeup Hydrogen System 


A buried tank contains 6 months supply of liquid hydrogen (12 kg) to makeup process 
losses. A vaporizer is included that supplements boiloff from the tank to provide hydrogen 
vapor for the system. 

Photovoltaic Power System 

A sun-tracking photovoltaic solar power system provides process power requirements 
during the 2-week lunar day and regenerates the reactants for fuel cells to be used 
during the lunar night. Because the Lacus Veris base site is near the equator (87.5’W, 
13*S), the solar arrays are oriented on a north-south line to maximize sun viewing, and 
minimize self-shadowing. 

Regenerative Fuel Cell Power System 

3,200 kw-hr (2 weeks at 10 kw) of electrical energy is provided by oxygeiyhydrogen 
fuel cells for keeping the process in hot standby during the lunar night. Basically, the 
recycle gas compressor is left on continuously, and heat losses from the reactor and 
other high temperature systems are made up by the electric heater. 1,103 kg of gaseous 
oxygen and hydrogen reactants are required and stored at 100 atm pressure in the 4 
large t anks shown in Figure 6-4 on a Shuttle payload pallet. Graphite/epoxy overwrapped 
tanks are used to reduce mass. 

Thermal Control System 

A central thermal control system (TCS) and radiator were sized to reject waste heat 
from various process units (principally crushing/grinding, beneficiation, and oxygen lique- 
faction equipment). The TCS uses heat exchangers and an appropriate cooling medium 
(i.e., ammonia, water, etc.) to transfer waste heat from the users to die radiator. Dedicated 
thermal control loops for the mining vehicles, photovoltaic arrays, and regenerative fuel 
cells are assumed. The radiator is positioned in an East- West orientation, with a fixed 
sun-screen to keep the radiator permanendy shaded from the slighdy northemly track 
of the sun (for Lacus Veris). Sun-screen surfaces would be coated with special (low 
a/€ ) thermal coatings. 

Communications 

Data return requirements for the pilot plant were not studied in detail. The high and 
low gain antennas shown in Figure 6-4 are to indicate: 1) a communications system is 
required to allow transmission of several simultaneous video channels and many data 
channels, 2) that communications with both Earth and the lunar base are required, and 
3) process monitoring and supervisory control initially resides in a control room on Earth. 

Video channels: 2-3 each for the front-end loader, hauler, and each telerobotic servicer. 

Additional cameras pointed at particular solids handling areas would also be useful, such 
at feed and discharge points (where solids can bridge and hangup), through access ports 
on the vibrating screens (to visually assess screening efficiency, aperture blinding, etc.), 
and at the flow from each crusher/grinder. General panoramic cameras would be useful 
to spot process or radiator fluid/gas leaks. 
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Data channels: Each plant unit should be heavily instrumented to detect faults or problems. 
All data would not necessarily be transmitted to Earth. On-board computer systems 
could monitor conditions of the various data streams, and report only anomalous sit- 
uations to Earth. In addition, sampling rates could vary since certain process conditions 
(i.e., tank levels) vary slowly. Typical data measurements might include: temperature, 
pressure, flow rate, fluid or solids level, valve loadings (indicator of valve position), 

strain gauges, lubricant level, gas/liquid composition from automatic samplers/gas chromato- 
graphs, motor amps, revolution speed, voltage, local controller output signals, etc. 

Telerobotic Servicing 

The pilot plant is envisioned to operate without continuous on-site human presence. 
This is not a problem for the beneficiation and processing part of the pilot plant, since 
it is standard operating procedure for most modem terrestrial chemical plants which 

often run automatically under computer control with an operator required only to monitor 
the process and respond when the control authority of the computer is exceeded or 

something breaks. The mining equipment will require advancement of state-of-the-art to 
allow teleoperated control from Earth. Mining, process, and power equipment will require 
periodic maintenance and repair. This requirement will occur more frequently than the 
anticipated periods the base will be manned during the Phase II man-tended period. 

Thus, telerobotic servicers for the lunar surface were proposed (84) to provide remote 

maintenance and servicing capability. They would be teleoperated from Earth, although 

they would contain enough on-board logic and memory to perform many tasks autonomously 
with only supervisory control required of the human operator. Similar concepts for 

telerobotic servicers are currently proposed for Space Station as well. For the lunar 
base, they could be applied in many more areas than resource utilization (84). The 

lunar surface servicers are envisioned to be in two parts. The servicer part contains 

the computational capability, stereo vision, and at least a pair of dexterous manipulators, 
and is assumed to be generic. The second part is the mobility base which can be either 
general or specialized, and can be exchanged as a job requires. In Figure 6-4, a telerobotic 
servicer on a general surface mobility platform is shown inspecting a repair made to stop 
a process leak near the stem packing of a valve (#24). Another servicer is attached to 
a remote manipulator arm and is shown viewing the solids flow through a view port in a 
section of the fines screen. The remote manipulator arm is attached to a mobile trans- 
lator that travels on rails around the periphery of the support structure of the process 
plant. A spare manipulator arm/mobile translator is also on the rails in case a particularily 
delicate job requires both telerobotic servicers, or if one fails and needs to be repaired. 

Success of remote maintenance via telerobotic servicers will require design of the LOX 
plant equipment and interfaces to match the capabilities of the telerobot support system. 
This approach has been successfully demonstrated in the terrestrial undersea oil production 
industry. A large (200’ x 150’ x 40’) oil production platform, resting on the sea bed at 
1,500’, is operated and maintained almost exclusively by telerobots (115). The key to the 
success of this operation was the modification of subsea equipment to allow telerobotic 
operation. Specific equipment design areas addressed by the oil industry (115) in this tele- 
operated undersea activity that have equal importance for teleoperated lunar processing 
include providing: physical accessibility to equipment, visual accessiblity, modularity, 

standardized manipulator interfaces, compatibility between telerobotics and manned EVA, 
location referencing for navigation and worksite identification, built-in test equipment, 
and work fixtures. Space station is also advancing aerospace applications of telerobotics, 
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such as for telescience (116). Thus, although requiring much specific development work, 
current technology trends support the concept of teleoperated lunar processing facilities. 

Lunar telerobotic servicers will require access to tools and equipment spares. Spares 

for the plant are stored in an unpressurized storage shed shown in Figure 6-4. Placing 
critical electronic components in replaceable unit elements or boxes is preferred for 
quick changeout. Certain low reliability components or equipment, particularily rotating 
equipment such as pumps, compressors, and motors, will require redundant in-place spares. 
As practiced in terrestrial chemical plants, if a pump fails, the spare pump can be 
immediately started while the failed pump is removed and repaired. It would be inefficient 
to provide in-place redundancy for large process vessels such as the reactor. Further 
study is required to quantify the optimum split between on-site spares and in-place redundant 
elements. 

Lunar Gravity Eff ects on Equipment Design 

The lunar thermal, vacuum, and dust environment will have significant effects on the 
design of reliable pilot plant equipment and components, especially rotating equipment, 
seals, and lubricants. In addition to these factors, the 1/6-gravity field will offer some 
advantages in terms of mass savings for materials transport equipment and support structures, 
but wm reduce the effectiveness of many chemical processes that rely on density differences 

to perform the operation. The areas of the plant believed to be relatively insensitive to 
1/6-g are: 

loade . r ' . ^ mass of a front-end loader is independent of the gravity 
neld (88). This is because the vehicle mass acts as a counter-balance to prevent 
the vehicle from tipping over when the bucket is loaded and extended. However, 
it may be possible to load lunar soil or rocks on the vehicle to stab ilize it, if other 
factors (vehicle geometry, manueuverability) allow it. 

Rock crushers (some reduction in capacity is possible because the rocks will fall 
through the machine at a lower rate). 

• Water electrolysis. 

• Blowers, compressors. 

• LOX Liquefier. 

• LOX Storage. 

Plant areas that are affected by the gravity difference are: 

• Haulers. Lower structural mass for the hauler is possible in a 1/6-g field because 
most of the mass of the hauler is devoted to structural support of the payload 

(88). An equivalent mass payload on the Moon will impose l/6th as much structural 
load as on Earth. 

• Screens. Lower capacity will result because particles will fall at a slower rate 
through the screen apertures. 
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Conveyors. Lower conveyor mass and energy will be required because the payload 
weight decreases (46). 

Ball mill grinders. The drums will be limited to lower rotational speeds in a 1/6-g 
field before the balls start to ride up the sides of the mill from centrifugal acceleration. 
Ball mill capacity will decrease. 

Magnetic separators. Separation performance will improve because the low gravity 
will cause the arc of non-magnetic particles to deviate more than in Earth gravity. 
Separations between ilmenite and non-magnetic particles will be cleaner. Tlie same 
is true for electrostatic separators, although charging of the feed will probably be 
more difficult in vacuum (air ionization improves charging m terrestrial applications) 

(99). 


Liquid pumps. Energy requirements to pump liquid upward will decrease. 

Fluidized bed reactors. Lunar performance may decrease because lower gas velocities 
or larger particle sizes are required since the bed fluidizes easier in lunar gravity 
(14) Lower gas velocities reduce reaction and production rates. Larger particles 
may decrease reaction kinetics (because of lower surface to volume ratios) and 
thus decrease production rates. Bed expansion is greater in lunar gravity (14) 
requiring longer fluidized bed sections (taller reactors, more mass) for a given 
production rate. Lower lunar gravity will also require taller reactors for sufficient 
freeboard (freeboard is the space above a fluidized bed where gas/soiids disengage 
or separate; freeboard that is too short leads to excessive fines carryover). 

Structural support for plant, individual equipment, and solar arrays will be less than 
on Earth. 


Generally, the quantitative effect of 1/6-g on equipment design is not completely understood. 
However, a correction factor has been used to decrease performance, where appropriate, 
to compensate for the effect (Appendix A contains details of correction factors). 


6.3 Trade Studies 

A computer model of the plant was developed using scaling equations documented in 
Appendix A, thermodynamic relationships, and mass and energy balances to estimate the 
mass, power, and volume of major plant equipment. The model was applied to assess several 
trades and sensitivities of interest: 

. The effect of alternative feedstock materials: high-titanium mare soil vs. basalt. 


. The effect of power source: solar or nuclear-electric. 

. Potential mass/power savings in the pilot plant to vent instead of cool, liquefy, and 
store product oxygen. 

. Trades associated with growth of plant capacity by landing self-contained, modular 
production units, instead of constructing a single large plant. 

. The effect of processing unconcentrated feedstock in the reactor instead of con- 
centrating ilmenite in a magnetic or electrostatic separator prior to the reaction step. 
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Sensitivity of plant mass and power to LOX capacity. 
Sensitivity of a basalt fed plant to ilmenite grain size. 
Sensitivity of a soil fed plant to ilmenite abundance. 


The results of the trade and sensitivity studies are given in this and the following 
section. Many other trades are possible, the results of which could indicate significant 
reductions in plant mass. Some additional studies are described in Section 6.5. 

A summary is given in Table 6-5 of the calculated mass and power for mining, beneficiation, 
process, and power areas of the plant as determined for the different cases assessed in 
the trade studies. The equipment contained in each area is defined in Section 6.2.1. A 
30% contingency factor was applied to plant mass and power estimates to account for 
factors such as automation, general structure, in-place redundancy, on-site spares, and 
other considerations not included. 

Table 6-5. Summary of Trade Study Calculations 
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6.3.1 Soil vs. Basalt Feedstock 
The basis of this assessment was: 

. 25 vol.% ilmenite in basalt, 0.5 mm equant ilmenite grains. Mining rate is 327 

mt/mt oxygen produced (see Table 6-1). 

. 5 vol.% (7.5 wt.%) ilmenite in soil, 11% of soil greater than maximum allowable and 

45% less than mini mum allowable reactor input sizes (0.9 mm maximum and 0.03 mm 
minimu m calculated, but selected 0.5 mm and 0.045 mm for margin and because data 
available from soil 10084). 

Two production cases were compared: basalt and soil fed, pilot and production LOX 

plants. Pilot plant conditions were: 

. 2 mt/month LOX pilot plant. 

• Plant beneficiation and processing areas operating at 45% duty cycle (90% utility 
during lunar day and on hot standby, but with feed shutdown and no oxygen production, 
during lunar night). Mining equipment operating at 35% duty cycle (70% during 
lunar day and shutdown during lunar night). 

• Photovoltaic solar array to power process and regenerate fuel cell reactants during 
2-week lunar day, oxygen/hydrogen fuel cell power to makeup process heat losses 
during night. 

Pilot plant results are: 

Basalt Soil Difference (Delta/Soil) 

Total Plant & Power Mass (mt) 24.7 24.4 +1.3% 

Power (kw) 146 164 -10.9% 

Mass/power breakdowns are shown in Figures 6-7 and 6-8. Pilot plant masses were 
nearly identical. The reduction in solids handling and loads on screening and magnetic 
separation provided for a basalt fed plant due to the richer-ilmenite content of the 
feedstock were offset by the relatively large sizes of crushing/ grinding equipment at low 
production rates. Benefits for using basalt feedstock are more apparent at high production 
rates where grinding/crushing equipment become more efficient (on a capacity to equipment 
mass/power basis). The LOX production plant conditions were: 

• 1,000 mt/year LOX production. 

• Nuclear-electric power. Plant duty cycle 90%, mining 35%. 


Results, as given in Figures 6-9 and 6-10, are: 



Basalt 

Soil 

Difference (Delta/Soil) 

Total Plant & Power Mass (mt) 186 

225 

-17.5% 

Power (kw) 2,379 

2,988 

-20.4% 


75 



Because mass and power savings are significant for a large production plant, basalt was 
selected as the feedstock for the pilot plant. However, other considerations may reduce 
this advantage: 


♦ The basalt crushing/grinding circuit will add complexity to the pilot plant. Mainten- 
ance requirements will increase, reliability will decrease. It will be more difficult 
to remotely operate the plant. The crushing/grinding equipment are subject to 
wear that limits the lifetime of certain high wear surfaces. Although wear in the 
ball mill may be somewhat less in the 1/6-g lunar environment than on Earth, 
thicker liners or tougher liner materials may be required in the interior of the 
grinder to extend lifetimes (ball mill liners typically last 2 yrs or less). 

• Alternatives to the vibratory screens used in the soil-fed plant to separate fines 
prior to the reactor could reduce soil plant mass/power as described in Section 6.5.1. 
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Mining Beneficiation Process Power Margin 




Figure 6-8. Effect of Feedstock (Soil vs. Basalt) on LOX Pilot Plant Power 
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Figure 6-9. Effect of Feedstock (Soil vs. Basalt) on LOX Production Plant Mass 

LOX Prod. Plant: Soil vs Basalt Feed 

1000 mt/yr LOX, 90% Duty Cycle, Nuclear 
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6.3.2 Nuclear vs. Solar Power 


The choice of power source has an important impact on plant operational strategy. A 
nuclear-electric power plant will allow continuous day/night operation of the process 
plant while solar power plants will require energy storage in regenerative fuel cells or 
rechargeable batteries to allow night process operation. This trade study was performed 
for both a basalt and soil fed pilot plant producing 2 mt/month LOX (soil/basalt conditions 
given in Section 6.3.1) with similar results. Three cases were examined: 

1. Power provided by solar photovoltaic (PV) arrays and regenerative fuel cells (RFC) 
with a 45% plant duty cycle. 

2. Power provided by nuclear-electric source with 90% plant duty cycle. 

3. Power provided by PV/RFC with 90% plant duty cycle. 

Breakdown of the mass and power requirements are given in Figures 6-11 and 6-12 for 
the basalt-fed pilot plant, and in Figures 6-13 and 6-14 for the soil-fed pilot plant. 
Nuclear power not only reduces the size of beneficiation and process equipment because 
the plant operates at a higher duty cycle over case 1, but also the power plant does 
not have to generate as much power and so is itself less massive. Total plant and 
power mass reductions of 45-50 percent appear possible using nuclear power at a 90% 
plant duty cycle instead of a PV/RFC system at 45% duty cycle. Operating a PV/RFC 
system at 90% duty cycle produces the same mass/power savings in the plant as nuclear 
power, but because RFC systems are very inefficient compared to nuclear power, total 
plant and power system mass is much higher than even a PV/RFC operating a plant at 
45% duty cycle. 


For the three cases, total pilot plant and power system mass (mt) are: 


Basalt Feedstock 

Soil Feedstock 

24.7 

24.4 

17.5 

17.3 

44.4 

44.4 

Basalt Feedstock 

Soil Feedstock 

146 

164 

75 

81 

189 

194 

of 39 kg/kw for 

a PV power system was used based on 


Case 1 (PV/RFC, 45% DC) 
Case 2 (Nuclear, 90% DC) 
Case 3 (PV/RFC, 90% DC) 

and power (kw): 


Case 1 (PV/RFC, 45% DC) 
Case 2 (Nuclear, 90% DC) 
Case 3 (PV/RFC, 90% DC) 


typical values for oriented solar array systems for spacecraft (102-104). Nuclear power 
scaling included reactor, radiator, power conversion systems, and instrument-rated shielding 
masses based on a Los Alamos study (105). The same data was used in another LBSS report 
on spacecraft mass scaling (106). Performance ratios varied from 64-75 kg/kw for the 
soil and basalt 2 mt/month pilot plants to 13 kg/kw for a 144 mt/yr production plant. 
Man-rated shielding was not included because it was assumed that the nuclear plant 
would be located in a local crater or use of other in-situ shielding concepts would be 
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possible. The mass of electric transmission cable from a remote nuclear power site to 
1 plant was not estimated. The 30% mass contingency factor was assumed to provide 
sufficient margin. The RFC power system provides thermal energy lost from the process 
during the 2-week night. The mass of this system is dominated by the mass of oxygen/- 
hydrogen reactants required, and the mass of reactant storage tanks. Since the fuel 
cell reactants are regenerated, they are stored as high-pressure gases requiring large, 
massive tanks. Graphite overwrapped tanks were used to reduce mass estimates. However, 
340 kg/kwe was calculated for a system providing pilot plant requirements (averaging 10 
kwe for 2 weeks). Additional details and documentation are given in Appendix A. 
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Figure 6-11. Effect of Power Source on Basalt Fed Pilot Plant Mass 

Effect of Power Source 

2 mt/month LOX, Basalt Feedstock 
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PV /RFC, 45% Duty Cycle Nuclear, 90% Duty Cycle 



Figure 6-12. Effect of Power Source on Basalt Fed Pilot Plant Power Requirements 

Effect of Power Source 

2 mt/month LOX, Basalt Feedstock 
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Figure 6-13. Effect of Power Source on Soil Fed Pilot Plant Mass 

Effect of Power Source 

2 mt/month LOX, Soil Feedstock 
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Figure 6-14. Effect of Power Source on Soil Fed Pilot Plant Power Requirements 

Effect of Power Source 

2 mt/month LOX, Soil Feedstock 
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63.3 Effect of Eliminating Oxygen Liquefaction and Storage Systems 

Mass and energy savings are possible for the pilot plant by eliminating the oxygen refrig- 
erator, LOX storage tanks, LOX loading station, and the thermal load to cool oxygen 
prior to liquefaction by simply venting the plant’s product oxygen stream after the 
water electrolysis step. This was investigated for both basalt and soil fed pilot plants. 
Basis for the analysis was: 2 mt/month oxygen production rate, PV/RFC power system, 

45% duty cycle, and feedstock properties given in Section 6.3.1. Pilot plant mass and 
power breakdowns with and without oxygen liquefaction are given in Figures 6-15 and 
6-16. 


For a basalt fed pilot plant: 

Total plant & power mass (mt) 
Power (kw) 


For a soil fed pilot plant: 

Total plant & power mass (mt) 
Power (kw) 


W / Liq. 

w/out Lia. 

Diff. (delta/with) 

24.7 

23.4 

- 5.4% 

146 

140 

- 4.1% 

w/ Liq. 

w/out Lia. 

Diff.(delta/with) 

24.4 

23.1 

- 5.4% 

164 

158 

- 3.6% 


Thus, significant mass and power savings are not available by eliminating oxygen liquefaction, 
and downstream equipment. Other considerations dictated that liquefaction remain in 
the conceptual design. 

Oxygen liquefaction, storage, and loading/refueling in the lunar environment are an 
imp ortant set of process demonstrations. Performance of long-term LOX storage in the 
unique thermal environment of the Moon should be assessed. Operational capability for 
withdrawing LOX from the storage tanks and loading it into a user should be demonstrated 
prior to delivery of full-scale production units. 

Liquefaction of the pilot plant product may also be required to certify liquid oxygen 
quality to propellant grade (and possibly ECLSS) standards. Various impurities will be 
present in the gas stream to the electrolysis cell, including carbon dioxide (slowly building 
from accumulated extraction of solar wind carbon) and hydrogen sulfide. CO 2 will dissociate 
filiring electrolysis to produce carbon monoxide at the cathode (where hydrogen forms) 
and oxygen at the anode. The CO will be recycled with hydrogen back to the reactor. 
The effect, then, of carbon impurities is to increase the quantity of reducing gases, 
which is a beneficial outcome. HnS in the electrolysis cell feed gas on the other hand, 
might likely create sulphur dioxide, SO 2 , at the anode, which will need to be removed 
before oxygen liquefaction since it solidifies at -83*C and could foul heat exchange 
surfaces as it condenses. The separation equipment to remove SO 9 should not be too 
complicated, but its operation would require demonstration. The pilot plant conceptual 
design studies did not include a detailed analysis of possible impurities or purifying 
techniques, and no equipment baseline was established. 

In addition, the effect of venting 146 kg/day of oxygen vapor may require the pilot 
plant be located far enough away to prevent interfering with scientific experiments and 
optics. This may require a pilot plant location remote from the base, increasing plant 
setup and servicing time requirements.' The effect of possible oxygen deposition on pilot 
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plant radiator surfaces (which may remain permanently in shadow from sun-screen) 
would require investigation if the option to not liquefy is pursued. 
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Figure 6-16. Effect of Eliminating Oxygen Liquefaction on Pilot Plant Power 

Effect of 02 Liquefaction &c Storage 

2 mt/month LOX. 45% Duty Cycle, PV/RFC 
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6.3.4 Effect of Modular Construction 

Since a LOX production plant will typically mass more than the maximum 25 ®t Payload 
capacity of a reusable lander under consideration (50), it can not be delivered m 
single integrated unit as envisioned for the pilot plant. Thus, a LOX produ P 
cST be de&erwi in two ways: 1) delivering two or more units that, when a^embled 

together into one large production plant, is capable of producing the required LOX , 
or 2^ delivering several self-contained production modules, that operate either independe y 
o ic cro^iii irty locations m increase operating nexibility and r=dynd^cy but 
which together produce the required LOX. This trade study was designed to investigate 
the consequences of achievinga given LOX capacity by delivering separate modular 
production* units. Both basalt and soil fed plants were ex^d(w.*feedstock t P r 'XwS 
die same as in Section 6.3.1), although results were similar. The basis of the trade 

a comparison between: 

. A 144 mt/year LOX production plant, nuclear power, 90% duty cycle. 

Six 24 mt/year LOX pilot plants, also nuclear powered, with 90% duty cycle. The 

mining area mass and power for the six 24 “tfrr P 1 . 31 * 8 w ^. SCt model is 

mt/year plant, since the minimum excavator/hauler size constraint m the model is 

an artifact that is not relevant for this trade. 


Results for the basalt fed plant are 
plant in Figures 6-19 and 6-20. 

Basalt Feedstock: 

Total Plant and Power Mass (mt) 
Power (kw) 


Soil Feedstock: 

Total Plant and Power Mass (mt) 
Power (kw) 


given in Figures 6-17 and 6-18, and for the soil fed 

144 mt/year 

Six x 24 mt/vear 

Piff, (Del/144) 

39.7 

372 

60.0 

443 

+51.1% 

+18.9% 

144 mt/vear 

Six x 24 mt/vear 

Diff. (Del/144) 

47.2 

452 

63.7 

485 

+34.9% 
+ 7.2% 


These results show that a significant mass penalty would result from ^vcry of low- 
rate modular production plants over a single hrgher rate production plant. However, 

other factors to consider are: 


A single larger plant can not begin LOX production until all units have been deliver ed 
and assembled. For the 144 mt/year plant, massing 40 mt this is only 2 fhg 
perhaps a year delay (if 6 lunar flights per year are performed, with 2 for crew 
rotation, 2 for science experiments, and 2 for resource utilization). °^ eve £i 3 
1000 mt/year LOX plant masses 200-240 mt for a basalt or soil fed plants. Tins 
means a delay of 4-5 years from first unit delivery to final unit delivery based on 
the same mmfest assumption (2 resource flights/year). Modular umts, on the 
other hand, have an advantage that they can be delivered and begin LOX production 
as soon as they are setup and function checked. 


The total number of equipment parts for X number of modular umts ^ 
imately X times as many as a single large production plant. This means that o e 
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system reliability will be lower and maintenance higher for the modular production 
case. However, if something breaks on a modular unit, only the production from 
that one unit suffers. Thus, total modular plant LOX output is subject to degradation, 
but because the modular units are redundant, the likelihood of total LOX production 
stopage due to maintenance problems is remote. A problem in a single large plant, 
however, could result in shutdown of the entire plant, with no LOX production 
until the problem is corrected. 

In other words, a modular plant approach to emplacing a certain LOX capacity will 
probably result in higher maintenance manpower requirements. However, although 
maintenance requirements for a single large plant will be lower, if something does 
go wrong in the plant, it can have a greater adverse effect on LOX production. 
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Figure 6-17. Effect of Modular Construction on Basalt-Fed Plant Mass 

Effect of Modular Construction 

6 x 24 mt/yr vs. 144 mt/yr LOX 
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Basalt, Nuclear Power, 90% Duty Cycle 



Figure 6-18. Effect of Modular Construction on Basalt-Fed Plant Power 

Effect of Modular Construction 

6 x 24 mt/yr vs. 144 mt/yr LOX 



(«.>() aaMoj 


94 





Figure 6-19. Effect of Modular Construction on Soil-Fed Plant Mass 

Effect of Modular Construction 

6 x 24 mt/yr vs. 144 mt/yr LOX 
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Figure 6-20. Effect of Modular Construction on Soil-Fed Plant Power 

Effect of Modular Construction 

6 x 24 mt/yr vs. 144 mt/yr LOX 
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Soil, Nuclear Power, 90% Duty Cycle 




6.3.5 Effect of Eliminating Dmenite Beneficiation 

This trade was setup to show the benefits of separating ilmenite prior to reduction 
versus feeding unbeneficiated material. The results, however, were somewhat surprising 
because the benefit was not as great as expected. The comparison was made for a soil 
fed plant producing 144 mt/year LOX with nuclear power (90% plant duty cycle). The 
baseline case was with a magnetic separator to concentrate ilmenite (electrostatic separators 
resulted in higher power consumption, and thus greater plant masses cases) an cr 

scr eening , which removes feed sizes that are too large or too small for the fluidized bed 
reactor. The alternative case still had the screening, but eliminated the magnetic separator. 
Results are given in Figures 6-21 and 6-22. 

With Separation Without Separation Dtff (Delta/with) 


Plant + Power Mass (mt) 47 .2 

Power (kw) 452 


51.1 +8.2% 

587 +29.8% 


As expected, eliminating the magnetic separator reduced the mass of the beneficiation 
area (see Figure 6-21) and increased the mass of the process area because the feed rate 
to the reactor is higher which requires a wider, more massive reactor. Also as expected, 
the small decrease in beneficiation power requirement was more than offset by higher 
power demands of the reactor to heat up all the extra non-ilmenite material. However 
total plant and power mass only increased slightly, due primarily to the efficiency of 
the nuclear power system. The large power increase resulted in only a slight rise in 
nuclear power plant mass. 

A basalt-fed plant case was not examined, but probably should be. Eliminating ilmenite 
separation becomes more advantageous as the natural ilmenite concentration in the feedstoc 
increases, which is the case with basalt. 
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Figure 6-21. Effect of Ilmenite Separation on Soil-Fed Plant Mass 

Effect of Ilmenite Separation 

144 mt/yr LOX, 90% Duty Cycle, Nuclear 
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Figure 6-22. Effect of Ilmenite Separation on Soil-Fed Plant Power 

Effect of Ilmenite Separation 

144 mt/yr LOX, 90% Duty Cycle. Nuclear 
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6.4 Sensitivity Studies 

The effect of LOX production rate, ilmenite grain size in basalt, and ilmenite abundance 
in soil on production and pilot plant mass and power was determined. 

6.4.1 Sensitivity of Plant Mass and Power to Production Rate 

Analyses of the sensitivity of plant mass and power to production rate were made to 
develop more convenient scaling relationships for program analysis. Separate relationships 
were developed for basalt and soil fed plants, and for pilot and production plants. 

Basalt-Feedstock. Pilot Plant 

The basis for this case is 1-5 mt/month LOX pilot plants, basalt feedstock with properties 
described in Section 6.3.1, PV/RFC power system, 45% plant duty cycle. Mass and power 
as a function of production rate is shown in Figures 6-23 and 6-24. Plant mass (sum of 
mining, beneficiation, process areas, and margin) was found to be a nearly linear function 
of production rate in the 1-5 mt/month LOX range: 

Plant mass (mt) = 3.85 * LOX (mt/month) + 8.1 Error = ± 0.2 mt 

The error is equal to one standard deviation of the plant mass derived by these corre- 
lation equations to the plant mass calculated from the computer program. Total plant 
and power system (photovoltaic and regenerative fuel cell power system) is given by: 

Total Plant + Power mass (mt) = 6.50 * LOX (mt/month) + 1 1.8 Error = ± 0.3 mt 

Plant and RFC power requirements supplied by the PV system are: 

Power (kw) = 58.2 * LOX (mt/month) + 30.5 Error = ± 3.0 kw 

Soil-Feedstock. Pilot Plant 

The basis for this case is 1-5 mt/month LOX pilot plants, soil feedstock with properties 
described in Section 6.3.1, PV/RFC power system, 45% plant duty cylce. Mass and power 
sensitivity to production rate is illustrated in Figures 6-25 and 6-26. Plant mass is 
given by: 

Plant mass (mt) = 4.05 * LOX (mt/month) + 6.6 Error = ± 0.2 mt 

Total plant and power system mass is: 

Total Plant + Power mass (mt) = 7.21 * LOX (mt/month) + 10.0 Error = ± 0.4 mt 

Plant and RFC power requirements supplied by the PV system is given by: 

Power (kw) = 71.1 * LOX (mt/month) + 22.8 Error = ± 2.7 kw 

Note that the slopes of the mass and power curves will cause these curves to intersect, 
at lower rates the soil-fed pilot plant has the smaller mass and power while the reverse 
is true of the basalt-fed pilot plant at higher production rates. (The intersections were 
not found). 
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Basalt-Feedstock. Production Plant 


The basis for this case is 144-1500 mt/year LOX production plants, nuclear power, 90% plant 
duty cycle. Figures 6-27 and 6-28 show mass and power for the different plant areas. 
Derived correlations for the curves are: 

Plant mass (mt) = 0.176 * LOX (mt/yr) + 1 1.4 Error = ± 2.8 mt 

Plant & Power mass (mt) = 0. 187 * LOX (mt/yr) + 16.4 Error = ± 2.8 mt 

Power (kw) = 2.35 * LOX (mt/yr) + 34.4 Error = ± 5.0 lew 

SoU-F w dgtock. P r oduct ion Pl a n t 

The basis for this case is 144-1500 mt/year LOX production plants, nuclear power, 90% plant 
duty cycle. Mass and power as a function of production rate is given in Figures 6-29 
and 6-30. Correlations are: 

Plant mass (mt) = 0.217 * LOX (mt/yr) + 8.73 Error = ± 0.6 mt 

Plant & Power mass (mt) = 0.231 * LOX (mt/yr) + 13.6 Error = ± 0.6 mt 

Power (kw) = 2.95 * LOX (mt/yr) + 27.7 Error = ± 4.0 kw 

As with the pilot plants, the soil and basalt production plant mass and power curves 
will intersect. Basalt-fed plants are more efficient at high rates, soil at low rates. 

A summary of the results is given in Table 6-6. 


101 




Table 6-6. Summary of Production Rate Sensitivity Results 


(Nuclear Power, 90% process duty cycle, 35% mining duty cycle) 
BASALT FEEDSTOCK 


LOX Plant Area Mass (mt) 

Prod. Nuclear 


(mt/vr) 

Mining 

Beneficiation 

Process 

Margin 

Plant 

Power 

Total 

144 

3.4 

11.6 

10.6 

7.7 

33.2 

6.5 

39.7 

180 

6.1 

14.2 

12.4 

9.8 

42.6 

6.9 

49.5 

300 

9.4 

23.5 

18.5 

15.4 

66.9 

8.3 

75.2 

500 

12.3 

38.2 

28.1 

23.6 

102.1 

10.5 

112.6 

1000 

17.6 

73.4 

51.8 

42.8 

185.7 

16.0 

201.7 

1500 

26.7 

109.0 

75.7 

63.4 

274.7 

21.6 

296.3 

LOX 

Plant Area Power (kwe) 






Prod 








(mt/vr) 

Mining 

Beneficiation 

Eeesss 

Margin 

Plant 



144 

20.8 

89.1 

176.5 

85.9 

372.3 



180 

28.1 

105.2 

218.5 

105.5 

457.3 



300 

45.6 

170.5 

357.5 

172.1 

745.7 



500 

75.2 

267.5 

587.8 

279.1 

1209.6 



1000 

144.4 

525.7 

1160.4 

549.2 

2379.7 



1500 

216.8 

796.5 

1730.7 

823.2 

3567.2 



SOIL FEEDSTOCK 







LOX 

Plant Area Mass (mt) 






Prod. 






Nuclear 


(mt/vr) 

Mining 

Beneficiation 

Process 

Margin 

Plant 

Power 

Total 

144 

3.7 

15.0 

12.4 

9.3 

40.3 

6.9 

47.2 

180 

3.7 

18.5 

14.8 

11.1 

48.0 

7.4 

55.4 

300 

5.0 

29.5 

22.3 

17.1 

73.9 

9.1 

83.0 

500 

7.4 

47.9 

34.6 

27.0 

117.0 

11.9 

128.9 

1000 

14.3 

93.6 

65.1 

51.9 

225.0 

18.9 

243.8 

1500 

24.1 

138.7 

95.0 

77.3 

335.1 

25.8 

360.9 

LOX 

Plant Area Power (kwe) 






Prod 








(mt/vr) 

Mining 

Beneficiation 

Pfrxsss 

Margin 

Plant 



144 

19.1 

152.3 

176.5 

104.4 

452.3 



180 

23.9 

190.2 

218.5 

129.8 

562.4 



300 

39.9 

304.0 

357.5 

210.4 

911.8 



500 

66.5 

501.2 

587.8 

346.6 

1502.1 



1000 

136.5 

1001.6 

1160.4 

689.5 

2988.0 



1500 

210.5 

1487.1 

1730.7 

1028.5 

4456.8 
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Figure 6-24. Basalt-Fed Pilot Plant Power 

LOX Pilot Plant Power 

Basalt Feed, PV/RFC Pow, 45% Duty CycL 


LOX Production Rate (mt/month) 


Figure 6-25. Soil-Fed Pilot Plant Mass 

LOX Pilot Plant Mass 

Soil Feed, PV/RFC Pow, 45% Duty Cycle 
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LOX Production Rate (mt/month) 



Figure 6-26. Soil-Fed Pilot Plant Power 

LOX Pilot Plant Power 

Soil Feed, PV/RFC Pow, 45% Duty Cycle 



LOX Production Rate (mt/month) 




Figure 6-27. Basalt-Fed Production Plant Mass 
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(Thousands) 

LOX Production Rate (mt/yr) 





Figure 6-28. Basalt-Fed Production Plant Power 



(Thousands) 

LOX Production Rate (mt/yr) 



Figure 6-29. Soil-Fed Production Plant Mass 

LOX Production Plant Mass 
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(Thousands) 

LOX Production Rate (mt/yr) 





Figure 6-30. Soil-Fed Production Plant Power 

LOX Production Plant Power 

Soil Feed. Nuclear Pow, 90% Duty Cycle 



(Thousands) 

LOX Production Rate (mt/yr) 





6.4.2 Sensitivity of Basalt-Fed Plant to Dmenite Grain Size 

If basalt of a larger grain size is available, less grinding will be necessary to liberate 
the same amount of ilmenite (see Figure 6-5), thus decreasing the size and power of 
necessary grinding equipment (e.g. ball mill). In addition, if target grind size increases, 
fewer fines are produced, which results in less screening (saving screen power and mass), 
but also decreasing mining requirements since less fines are produced and discarded. 
This effect is shown below: 


Basalt 

Grain 

Percent 

Mining 

Size, mm 

Fines 

Req. mt/mt 0-> 

0.5 

43 

186 

0.75 

32 

157 

1.0 

27 

144 

1.5 

20 

132 

2.0 

16 

126 


Pilot Plant 

The combined effect of these improvements is given in Figures 6-31 and 6-32. For a 2 
mt/month LOX plant, operating with basalt feed, PV/RFC power, and 45% plant duty 
cycle, total plant & power mass decreases from 24.7 mt with a 0.5 mm ilmenite grain 
size, to 23.1 mt (-6.5%) with a 1.0 mm grain size, and to 22.6 mt (-8.3%) with a 1.5 mm 
grain size. Power requirements decrease from 146 kw at 0.5 mm grains to 138 kw (-5.7%) 
and 135 kw (-7.3%) for 1.0 mm and 1.5 mm grains, respectively. 

Production Plant 

A case was run for a 144 mt/yr LOX plant, basalt feed, nuclear power, 90% plant duty 
cycle. Total plant and power mass decreases from 39.7 mt with 0.5 mm ilmenite grains 
to 34.7 mt (-12.6%) and 32.9 mt (-17.3%) for 1.0 mm and 1.5 mm grains, respectively. 
Power decreased from 372 kw @ 0.5 mm grains, to 339 kw (-9.0%) and 322 kw (-13.4%) 
for 1.0 mm and 1.5 mm grains, respectively. Figures 6-33 and 6-34 illustrate the results. 


Ill 









(m>() QjH P ue ssaooaj joj jsaoj [e^ox 


113 


llmenite Grain Size in Basalt (mm) 




Figure 6-33. Effect of Basalt Grain Size on Production Plant Mass 

:ct of Grain Size on LOX Production 

144 mt/yr LOX, Basalt, Nuclear, 90% DC 
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Ilmenite Grain Size in Basalt (mm) 

Power + Plant o Total 



Figure 6*34. Effect of Basalt Grain Size on Production Plant Power 

Effect of Grain Size on LOX Production 
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Ilmenite Grain Size in Basalt (mm) 



6.4.3 Sensitivity of Soil-Fed Plant to Soil Dmenite Abundance 

The mass and power of a soil-fed production plant (144 mt/yr LOX, nuclear power, 90% 
duty cycle) is given as a fiinction of soil llmenite abundance in Figures 6-35 and 6-36. 
Soil ilmenite abundance is given in weight percent in the figures. Weight percent ranges 
from 7.5%-15% ilmenite as shown in the figures corresponds to volume percent ilmenite 
ranges from 5%-10% (based on 4.5 S.G. for ilmenite and 3.0 S.G. for soil). For soil ilmenite 
abundance increase of 5 vol.% to 8 vol.% (7.5-12 wt.%), total plant and power system 
mass decreases from 47.2 mt to 36.3 mt (-23%). Thus, a significant mass savings can be 
realized if an extensive ilmenite-rich region on the Moon were located for the mine site 
(several hundred meters on a side). 
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Figure 6-36. Effect of Soil Ilmenite Abundance on Production Plant Power 
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Ilmenite Weight Percent in Soil Feed 



6.5 Process Alternatives and Potential Payoff 

More process alternatives and trades are possible than those described in Sections 6.3 
and 6.4. Some are described in this section although study resources prevented detailed 
analysis. 

6.5.1 Alternative Fines Removal Concepts 


Vibratory screens become inefficient below about 0. 1 mm aperture size. Soil-fed plants 
in particular would benefit from a more efficient way to remove fines. Although electrostatic 
sizing methods have been proposed by some (22, 46), this suffers from the large thermal 
energy penalty associated with pre-heating the soil to 150-200’C prior to feeding the electro- 
static unit (this is a requirement with ilmenite separation, it may not be for size separation). 
Cyclone separators or mechanical gas classifiers are alternatives to removing fines (<0.03- 
0.045 mm). Schematics of these units are shown in Figure 6-37. They rely on a gas 
stream to carry the fines into the units, where centrifugal and drag forces act to separate 
out the fines. Cyclones contain no moving parts and are the preferred alternative. 
Probably the easiest way to incorporate one or the other of these units into the process 
is to put it at the top the reactor. The fines would be allowed to enter the reactor in 
the feed, the ascending gas would entrain them and carry them into the cyclone or gas 
classifier where they would be removed. The principal difference between a cyclone in 
this application and the cyclone normally installed at the top of the reactor is its size 
which must be large enough to handle large volumes of fines (also the solids return 
line would not re-enter the reactor but would descend to a gas/solid separator and 
discharge conveyor). This concept would eliminate the vibratory screens to remove 
fines, but would require a larger magnetic separator to handle the increased flow. The 
top bed of the reactor might also require a larger diameter. 

The vibratory screen for a 2 mt/month LOX soil-fed pilot plant (at 45% duty cycle) 
masses 1500 kg (6% of 24.4 mt total) and requires 45 kw (27% of 164 kw total). The 
additional load on the magnetic separator would approximately double its mass and power 
(adds 910 kg and 1.2 kw). Even if the cyclones or mechanical classifier scales at 25% 
of the vibratory screen, savings of 215 kg (1% of total mass) due to equipment mass 
decrease, and 1200 kg (5% of total mass) in solar array mass savings due to a decrease 
in power of 33 kw (20% of total power) are possible. 

Figure 6-37. Mechanical Gas Classifier and Cyclone Separator (Ref.91) 
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Another possibility is to use a fast-fluidized bed reactor with large cyclone and not remove 
the fines at all. There is no well-defined bed in a fast-fluidized reactor since the gas 
rate through the bed is maintained sufficiently high to entrain a majority of the particles. 
Cyclones are used to separate the fines and gas. The fines would return to the reactor 
while the water in the gas would be electrolyzed. Since a greater quantity of gas is 
required, mass penalties for gas handling would have to be traded with the lower mining 
and solids handling requirements (since fines are not discarded). 

6.5.2 Alternative Reactor Insulation Concepts 

The reactor shell/ insulation concept baselined for this study included (from outside to 
inside): a steel external shell (for pressure containment), a 23 cm thick middle layer 

made of low-density (S.G. 0.14) Shuttle tile insulation, and a 7.5 cm thick inner core 
layer made of high-density (S.G. 2.24) tough refractory firebrick to protect the low- 
density insulation. Total mass of insulation for the basalt-fed pilot plant (2 mt/month 
LOX, RFC/PV, 45% duty cycle) was calculated as 1.82 mt (7% of total mass of 24.7 mt 
plant & power mass). Another option could be to use a refractory metal structure, such 
as a molybdenum based alloy or cermets (ceramic/metallic composites), around the interior 
core to contain pressure, with low-density insulation on the exterior to reduce heat 
losses and no high-density insulation. If shell weight remains about the same (low 
strength of Mo-alloy will tend to increase skin thickness and mass, higher density of 
Mo-alloy will also tend to increase mass, but smaller shell radius will tend to decrease 

skin thickness and mass), potential savings in insulation mass are estimated as 1.2 mt 

(5% of total mass) and heat losses are expected to be less. 

Another option is to use multilayer insulation (MLI) made of thin metallic foils separated 

by spaces that are open to vacuum. Inconel 600 metal MU (that has been coated with 

zirconium oxide) has been tested as a light-weight alternative to ceramic fiber insulations 
for high-temperature (850-1,150 C) carbon dioxide removal subsystems in advanced environ- 
mental control systems (117). 

Other Reactor Thermal Issues 

Additional trades are possible between the bed heights of the fluidized bed reactor and 
gas-solid heat transfer/recovery. 

6.5.3 Alternative Reactants 

Carbon monoxide reductant should be studied for ilmenite reduction. Products of reaction, 
carbon dioxide, can be reduced in a similar high-temperature, solid-state electrolysis cell 
as proposed for water vapor in hydrogen reduction of ilmenite. 


Another option is to pre-oxidize iron oxides in ilmenite prior to reduction. Pre-oxidation 
of divalent-iron containing ilmenite (divalent iron oxide, FeO, contains somewhat reduced 
iron which is more typical of lunar conditions than the more oxidized trivalent-iron 
mineral) has been experimental shown to increase ilmenite reduction reaction rates by 3- 
^ fhp es (9). Preoxidation could be incorporated into the process by using a 4-stage 
fluidized bed reactor, instead of 3-stages. Ilmenite oxidation would take place in the 
top bed between incoming solids and a measured stream of oxygen from the electrolysis 
oxygen product stream. The exothermic oxidation reaction would tend to help preheat 
the solids. Bed lengths of the other stages could likely be reduced (at least for the middle 
reaction stage) because of the high reaction rates after oxidization, resulting in possible 
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reactor mass savings. Alternatively, bed lengths could remain constant while reaction 
takes place at lower temperatures, thus saving thermal energy requirements. 


6.5.4 Iron From Reactor Residual 

The reduced soil product from the ilmenite reduction process is rutile, Ti0 2 , in solid 
solution with iron. Iron may be useful later in lunar base development for manufacturing 
structural elements from lunar sources. One way to remove the iron from the residual 
solids would be to first grind to liberate relatively pure iron particles, which could then 
be removed easily from groundmass materials with magnets. Perhaps a better way is to 
heat the rutile/iron mixture to 1,535*C or higher. Iron would melt, forming a metal pool 
(S.G. 7.86) that could then be easily separated from solid rutile floating on its surtace 

(S.G. 4.26). 


6.6 Base Operations Impacts 

Oxygen production impacts on base operations and manpower requirements are described 
in the following sections. 


6.6.1 Pilot Plant 

Pilot plant operations are divided into setup and operational task s. 


Setup. 

The sequence of tasks to be performed in setting up the pilot plant are: 

1. Select and survey pilot plant and mine sites. * 

2. Site preparation. 

a) Prepare surface for processing unit (7 m diameter) and power systems. . 

b) Dig holes for (2) LOX storage tanks and (1) LH 2 tank. Tanks are half-sunk, half- 
buried. Prepare cleared or marked way to mine site from pilot plant site. 

3. Sink deadman, pilings, or other anchoring hardware/method into bedrock (2-5 m 
deep). These will be used as stablizing attach points for process structure and 
power systems. 

4. Offload pilot plant payloads from lander (mining vehicles, process payload pallet 
structure, photovoltaic power systems and regenerative fuel cell power systems). 
Load all but mining vehicles on transporters. 

5. Offload from lander, function check and activate lunar surface telerobotic servicers. 

6. Transport payloads to site. 

7. Set-up mining site equipment. 

a) Function check mining vehicles and transport to pilot plant site. 

b) Begin mine site preparation, overburden removal, roadways, etc. 

c) Offload transport, position, and place mine site pit scalper. 
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8 . 

a) 

b) 


SSnSK'S and place process soucmre (Shunle payload I pallet) in 
^ —cado. 

antemL, q re™te manipulator arms and transporters, handrails and walkways. 


ai ^"“ner^tS'L place all photovoltaic ^wer modules and systems 
' (4 of the smtdracking, double panel arrays shown in Figure 6-3 are required). 

c) Make ll^StonneSfons between panel power converters and process plant. 

d) Make electrical function checks of power and process equipment. 

e) Make communications/data links function checks. 

[)' central thermal control system md SUn ' SCrCen ' 
b) Make interface connections with process structure. 

1 1 Set-up liquid oxygen and liquid hydrogen storage systems. 

a) Offload transporter, position, and place LOX storage tanks and LH 2 tank. 

b) Make piping connections. 

c) Bury tanks. 

12. Set-up regenerative fuel cell system. „ 

a) Offload transporter, position, and place regenerative fuel cell system. 

b) Make connections to PV power and process electrical systems. 

c) Function check systems. 


13. Set-up LOX loading systems. 

a) Offload transporter. 

b) Construct LOX loading station equipment. 


14. Startup operations. 

a) Startup mining and processing operation. 

b) Work out and repair startup problems. 

15. Set-up spares/miscellaneous support facilities. 

a) Offload spares shed and construct. . 

b) Offload spares, tools, lighting, etc. and place in shed. 

The following is a rough estimate of manhours rciuired to complete these tasks. Some 
task times are extracted from a previous operations study (. 84 ). 
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Task 

Time 

Task No. (hi) 

1 3 

2a 2 

2b 4 


Telop EVA Number 

Time Time of EVA 

flul Qul Personnel 

3 2 

2 2 

2 2 2 


3 6 4 


2 2 


4 18 


18 2 


5 2 

6 5 

7a 6 

7b 8 

7c 5 

8a 5 

8b 4 

9a 5 

9b 2 

9c 12 

9d 10 

10a 5 

10b 4 

11a 5 

lib 2 

11c 2 


4 

8 


8 


2 


2 

5 

2 


5 

5 

4 

5 
2 
12 
2 

5 

4 

5 
2 


2 

2 

2 


2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


12a 5 

12b 2 

12c 2 2 


5 2 

2 2 


13a 5 

13b 2 

14a 8 

14b 104 


5 

2 

8 

96 8 


2 

2 


2 


13a 5 

15b 4 4 


2 


Total 252 138 
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2 


Total 

EVA 

(man-hra) Comments 

6 From (84). 

4 Assumed 100 m area. From (84). 

4 Assume use teleoperated excavation equipment 

controlled from lunar lander. 

4 Assume 1 anchor driflcd^placed every 30 

minutes, assume 4 anchors for process 
equipment, 2 anchors/PV array, 4 PV modules. 

36 Assume 7 major payloads (process, RFC, 

PV s, 1 Thermal, 2 Mining vehicles, 1 
Tank Set). 2.6 hn/offload (84) 

4 


10 

4 


10 

10 

8 

10 

4 

24 

4 

10 

8 

10 

4 


10 

4 


10 

4 


16 


10 


7 major payloads, 40 min/bransport (84). 

Teleop veh.: Function chk 2 hr/veh IV A, 

1 hr/veh EVA. - * 

Teleop veh.: 2 hr/100 m , 400 m 2 
Offload 3 hrs. Position 1 hr. Place 1 hr 

Offload 3 hrs, Position 1 hr. Place 1 hr 
Assume 16 pcs, 30 min^pcs 

Offload 3 hrs. Position 1 hr, Place 1 hr 

6 connections, 2 hr/connection 
Function chk, teleop most from base/Earth 

Offload 3 hrs. Position 1 hr. Place 1 hr 

2 connections, 2 hr/connection 

Offload 3 hrs, Position 1 hr. Place 1 hr 
1 connection, 2 hr/connection. 

Bury assume teleop 

Offload 3 hrs. Position 1 hr. Place 1 hr 
1 connection, 2 hr/con. 

Function chk, teleop from base/Earth 

Offload 3 hrs, Position 1 hr. Place 1 hr 
1 connection, 2 hr/con 

Startup Mining, process, all teleop 
Continue Startup cycle 4 days straight, 
teleop from Earth, fix problems via lunar 
EVA. 

Offload 3 hrs. Position 1 hr, Place 1 hr 
Unload spares remotely. 
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The total EVA time estimate of 228 person-hrs corresponds l lo 19 

5 “ 

(84) and 6 days in transit, a minimum of a month long mission is indicated. 

Operation 

Pilot plant operation is performed by teleoperation control fromEart. <tojngthe man- 
tended^ base phase. The alternative to teleoperation is to operate the phot p y 

when humans^ are at the base. However, expected < to» i f ” ^"^shon 

optimum design of a Pj^^tKm P of^e pilot plant without continuous on-site 

pilot plant campaigns. Therefore operation oitne puoi p -the-art in automation, 

iifgyiJS 

consideration to allow remote maintenance. 

Es a?-s s r-ksvik rza mss-iis s. . . 

day (96 hr) Earth controlled startup cycle. 

6.6.2 Production Plant 

The production plant basis is 180 mt/year LOX using basalt feedstock and powered by a 
nuclear-electric source (460 kwe). The mass of this plant (including power) is 50 mt. 

Setup 

A setup time of 460 EVA-hrs is estimated for this production plant toed Ion tta • «*Mtri 
pilot plant setup requirements from the previous section, scaled with the ratio of p 
masses (pilot plant mass is 24.7 mt). 

Operation 

The operation philosophy of the production plant remains nearly asthe pilot 

plant. Since techniques for remote operation should haveteenperfeaed durrng pum 
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control of the surface servicers and repair tasks in a pressurized maintenance shop may 
be their normal operating mode. F y 


Consum ables and Hardware Resupp ly 


Makeup for hydrogen losses will require resupply from Earth. A correlation of computer 

pogram predictions was made to relate LH 2 resupply requirements and LOX production 
rntci * 

LH 2 Required (kg/yr) = 0.97 * LOX Production (mt/yr) + 0.5 

^ W ^ rcSUP ? ly md equipment s P ares wm also be required. Spares for high maintenance 
? 88 ? r 1 rotatm ? equip* 11 ® 111 components, mining and solid s handling equipment 
componwits, and electronics will mainly be needed. Although total mass of these items 

t0 ^ f eater ^ 1_2 \? f P lant mass per year (based on 5%/yr replacement 
^2 i 1 ^ f ?i f nunm 8 > crushing/ grinding, screens, magnetic separator, electric 
rSSrj lym Jft compressors, conveyors, and radiator/thermal control system), 
additional study is needed to better quantify the expected amount of hardware resupply. 
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6.7 Preliminary Assessment of Lunar Oxygen Production 

A previous analysis (48) of lunar oxygen production for a 1,400 mt/yr low Earth orbit (LEO) 
LOX market concluded that LOX delivery to a LEO market from the Moon cannot compete 
with a low-cost Earth heavy-lift launch system. Many assumptions were made in the 
analysis, including the mass and manpower requirements of the lunar LOX and LH^ 
production plants. The model developed for the original analysis has been updated with 
the production plant mass and power sizing relationships developed in this study. The 
LEO market case was repeated, and results are given in the Tables in Appendix E. It 
should be noted that the payback period and lifetime program savings for using lunar oxygen 
for reusable lunar landers was not analyzed in this study; but it is highly recommended 
that it should be analyzed using the concept of fully-integrated process modules and 
plant mass correlations developed in this study. 

A LEO market of 1,400 mt/yr LOX was used in the analysis (Table 1 in Appendix E 
gives a breakdown of LEO LOX users). Several cases were examined with various propulsion 
technologies (including conventional LOX/LH^ propulsion and advanced: solar sail, electric, 
and mass driver) and lunar LOX and LH 2 production. Table 2 in Appendix E describes 
parameters of the production plant while Tables 3-6 characterize the Earth launch, 
orbital transfer vehicles (OTV’s), and lunar landers. Only the LOX/LFU production 
plant parameters were adjusted for this analysis. In particular, the number of personnel 
required for LOX/LH 2 production was decreased substantially (from 20-50 to 2-4 depending 
on production rate) to reflect assumed Earth teleoperations mode of the plants with only 
lunar on-site maintenance support. 

The results of the analysis did not change significantly from the previous study. Basically, 
the reasons for this are due to lunar surface to LEO transportation efficiency, not 
LOX/LH 9 production efficiency. A brief discussion of the results is included here, but 
additional information can be attained in the previous report (48). The first major 
comparison of each case is the steady-state mass payback ratio (Table 7, Appendix E) 
which is the ratio of lunar LOX delivered to LEO to the hydrogen (and tankage) sent 
from LEO. The reason for calculating this ratio is to determine if the mass of lunar oxygen 
delivered to LEO is greater than the LHo needed to operate the system. It is fixed by 
the characteristics of the spacecraft used in the transportation system. The steady- 
state mass payback ratio is infinite for the case of both lunar oxygen and hydrogen 
production because no LH 2 from Earth is needed for servicing the OTV’s and lunar 
landers. For the case of only lunar LOX production and conventional LOX/LH^ propulsion 
systems, a mass payback ratio of 1.63 was calculated, meaning that 63% more oxygen is 
delivered to LEO than hydrogen used in the OTV’s and lunar landers needed to deliver 
that oxygen. This ratio depends on the size of the transportation vehicles used. In 
this case, an OTV that delivers 50 mt LOX to LEO requires 12.5 mt LH 2 for each roundtrip. 
The lunar landers that deliver the 50 mt LOX to a LLO rendezvous with this OTV require 
12.6 mt LH 2 (which is contained in 5.4 mt of tankage). 

Lifetime mass payback is another ratio calculated by the model (Table 8 , Appendix E). 
This ratio includes the mass of the lunar production plants, resupply, and crew and base 
support to determine if the total mass of lunar LOX produced is greater than the total 
mass required over the lifetime of the propellant plants. A 20 year lifetime was selected 
for this analysis, over which 27,000 mt LOX is delivered to LEO (20 yrs for a 1,357 mt/yr 
LEO market). The lunar surface propellant plant is sized to produce additional oxygen 
for the propellant carrier OTV’s and landers. The amount of lander and OTV oxygen 
required depends on whether lunar hydrogen is available. If lunar hydrogen is not 
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available, more lander/OTV trips and more oxygen are needed to deliver LH 2 to tte lunar 
surface (LS) for the lunar landers. If both lunar oxygen and hydrogen are priced, 
1.17 mt of oxygen is needed for the transportation system per metric ton of °y®en (telivered 
to the LEO market. For lunar oxygen only production, more OTV/lander flights are 
required to deliver the same amount of LEO propellant, which translates into the need 
for 3.52 mt of oxygen per metric ton of oxygen delivered. Thus, for die lunar oxygen only 
case a 6 140 mt/yr lunar LOX plant is needed. Lunar LOX production of 2,940 mt/yr is 
needed if both lunar oxygen and hydrogen are produced. The lifetime LOX market is 
123,000 mt for the lunar oxygen only case and 58,800 for the lunar oxygen and hydroge 

case. 

With the correlations developed in this report, a 1,150 mt LOX plant (assuming a basalt- 
fed plant) is needed to supply the 6,150 mt/yr LOX requhement for the oxygen only 
case . For lunar oxygen and hydrogen, both a 430 mt LOX plant (producing .2,300 mt 
LOX/yr) and a 1,120 mt LH 2 plant (producing 375 mt LH 2 /yr and 640 mt LOX/yr) are 
required. In both cases, an additional 35 mt of base elements was assumed squired to 
support the plant maintenance crew. To deliver the base and plant components to the 
lu5? surface, 5.8 mt of propellant is required in LEO 

metric ton of base/plant. Thus, the LOX only case requires 8,040 mt in LEO for delivery 
of plant and support base, while 10,810 mt is needed for the LOX/LFU case. Plant resupply 
mass was estimated as 12 mt/yr and 16 mt/yr for the LOX only and the LOX/LH 2 plants, 
respectively. The maintenance crew of four was assumed to require 1.1 mt/yr per person 
(for both plants). Over the 20 year lifetime, a total of 325 mt (for the LOX only case) 
and 410 mt tons (for the LOX & LH 2 case) are needed on the lunar surface for crew 
support. A total lifetime requirement of 16,610 mt LH 2 (and tankage) is needed in LEO 
for OTV’s and landers if only lunar oxygen is available (of course, no LH 2 is needed in 
LEO if both lunar oxygen and hydrogen are available). To summarize the lifetime mass 

results: 

Lifetime propellant production (20 yrs) on Moon vs. LEO outbound mass requirements 
(from Earth): 


I iinar LOX only Lunar LOX and LH 2 


LOX Production (mt) 

LH 2 Production (mt) 

Total Propellant (mt) 

Plant/Base (mt) 

LEO Propellant to transport 
Plant/Base to LS (mt) 
Crew/Hardware Support (mt) 
LEO LH^ (mt) 

Total LEO (mt) 


122,800 

58,800 

0 

7,500 

122,800 

66,300 

1,180 

1,590 

6,860 

9,220 

330 

410 

16,610 

0 

24,980 

11,220 


Lifetime Propellant Production 
/LEO Outbound Mass 4.9 
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Lifetime LEO outbound mass vs. LOX market in LEO (Lifetime Mass Payback Ratio): 

Lunar LOX only 

LOX Market (mt) 27,100 

Lunar LOX only 

Plant/Base (mt) 1,180 

LEO Propellant to transport 
Plant/Base to LS (mt) 6,860 

Crew/Hardware Support (mt) 330 

LEO LH 2 (mt) 16,610 

Total LEO (mt) 24,980 

Lifetime Mass Payback Ratio 1 .09 

This analysis does not include the inert mass of the extra OTV’s and landers needed for 
propellant carriers. Even so, it shows that it is not viable (over a 20 year period) to 
produce lunar oxygen for a LEO market if only lunar oxygen is produced, since the 
lifetime mass payback ratio is just over one (saving only 2,000 mt or 100 mt/yr ui LE ). 
It also shows that the results are much more dependant on transportation efficiencies 
(propellant requirements) than the mass of the propellant plants and crew support. 

There are possible alternatives to improve the results. This analysis has assumed that 
the entire propellant plant is delivered to the lunar surface before oxygen production 
starts. A phased approach to oxygen production may yield significant savings for the 
lunar oxygen only case; i.e. first delivering a small oxygen plant producing oxygen for 
the lunar landers, then using that oxygen to reduce the costs of transporting a larger 
plant to produce oxygen for the OTV’s, then delivering a third production increment to 
supply the LEO market. This approach was not treated but probably should be. 

At the next level of the analysis, transportation costs are calculated (Tables 9-11, Appendix 
E), which include the operations costs for Earth launch vehicles, OTV’s, and lunar landers 
that support propellant production. The purpose is to see if the steady-state operations 
costs for the LS to LEO LOX delivery system are less than anticipated costs for providing 
the LEO LOX market from Earth with advanced launch vehicles. Total system lifetime 
costs are determined at the next level, which include development, plant/base placement, 
and resupply costs (Tables 12 and 13, Appendix E). Summarizing: 

Cost ($/ke LOX delivered to LEO) 

Transportation Cost 
Lifetime Cost 

Estimated Earth Launch Costs to LEO: 

Shuttle 

Large Shuttle Derived Vehicle 

Many assumptions are made in the cost numbers, however, the results tend to indicate 
that given the assumptions made in the study (non-phased approach to supplying LOX 


T.nnar LOX only Lunar LOX and LH o 


2,370 

960 

4,080 

3,130 


4,800 

4,800 

1,410 

1,410 


Lunar LOX and LH o 
27,100 

Lunar LOX and LH o 

1,590 

9,220 

410 

0 

11,220 

2.4 
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market, etc.) it is difficult to supply LOX to a LEO market at less than competing 
Earth launch systems. 

Based on the above analysis, it is recommended that two additional cases be studied: 
1) To determine if lunar oxygen for the reusable landers alone has a reasonable payback 
period and overall program mass and cost savings, and 2) If a phased approach to lunar 
oxygen production can be shown to be economical for supplying a LEO oxygen market. 
Current transportation cost estimates would be used in these additional analyses (especially 
to incorporate new studies of Earth launch costs), since costs were not updated in this 
preliminary analysis. 

In the first study of lunar LOX for the landers, the LOX plant would be sized to supply 
an annual schedule of 5-7 lunar lander flights, requiring 130-180 mt LOX/yr (50). At 180 
mt LOX/year, a 50 mt plant would produce its own mass in oxygen within 4 months. 
Costs of operating/supporting the plant over its lifetime will be a key number that 
determines whether the payback is sufficient to justify proceeding with lunar oxygen. A 
sensitivity analysis on operating costs could be used to determine the maximum operating 
cost that would still achieve the desired result. This might indicate whether mi nimisin g 
the number of operating personnel by automation, robotics, and teleoperation as proposed 
in this report is really necessary and by how much. 

It should also be noted that there are other benefits, less easily evaluated in an economic 
sense, for lunar oxygen production, including: 

1. Lunar oxygen production is a first step toward self-sufficiency and independence. 
This should be encourage in a scenario that results in a permanent lunar base. 

2. To test and demonstrate propellant extraction techniques for later application at 
other extraterrestrial locations. A major part of a Martian atmospheric oxygen 
plant could be verified in a lunar application. Various pieces of lunar oxygen 
production and Mars in-situ oxygen production equipment are similar, including 
solid-state electrolysis cells, oxygen liquefaction, oxygen storage, oxygen loading, 
and power system components (PV arrays, regenerative fuel cells, and/or nuclear 
power). Hardware for purifying the oxygen product stream and measuring composition 
may be similar. Operations techniques would also be developed in a lunar setting. 

3. A lunar soil transportation system (excavators/haulers) will probably be developed 
for other tasks at the lunar base (eg. to provide radiation protection for modules). 
A great deal of synergism is anticipated in the designs for these vehicles and a 
version to mine feedstock for a lunar oxygen plant. Development costs could be 
split between these design efforts, and costs will be lower for each project. Such 
vehicles would have uses at a Mars base as well. 

4. Lunar oxygen has potential commercial application. Chemical and mining companies 
could get involved in commercial development if NASA is willing to buy oxygen at 
a fixed price and quantity. 
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7.0 Hydrogen Extraction 


This section presents the major results of sizing a plant to extract both oxygen and 
hydrogen from lunar materials. The basis of the plant is thermal extraction of solar 
wmd hydrogen from bulk lunar materials. Simultaneous reaction of a portion of the 
released hydrogen with ilmenite forms water, which is subsequently electrolyzed to form 
hydrogen and oxygen. 

7.1 Pilot Plant Conceptual Design 

7.1.1 Process Flowsheet 

7-1 ^ ustTates a block diagram of the process. Lunar material is mined and 

loaded mto a reactor after large (>1 cm) particles are removed. Soil is heated in the 

reactor to 900*C to release hydrogen and produce water from reaction with ilmenite. 

the , minusc . ule hydrogen content in bulk lunar soil (50 ppm), approximately 
25,000 kg soil is required per kg of hydrogen recovered. Thermal energy requirements 
are large. Therefore, a long, multi-stage, insulated reactor vessel, similar to the proposed 
ilmenite reactor (Section 4.1.1), is used to recover thermal energy by preheating the 
solid charge in the upper stages with the hot evolved gases from the reaction zone, and 
by cooling the spent residual solids in lower stages by preheating the incoming gas 


Product gases from the reactor contain H 2 O, fU, and H^S. The water is electrolytically 
separated mto oxygen and hydrogen. A portion of theliydrogen is heated and returned 
to the factor. Oxygen and the remainder of the hydrogen is cooled, liquefied, and 
stored. Sulfide impurities can be removed either prior to or after the electrolyis step. 

Sintered ceramic products can be manufactured as a byproduct of the process since the 
temperatures for soil sintering fall within the range for hydrogen extraction. Sintered 
products could be useful as structural and thermal/radiation shielding materials. The 
sintering process has been demonstrated at the laboratory scale. 
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Figure 7-1. Hydrogen Extraction Process Block Diagram 
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7.1.2 Pilot Plant Equipment 

The equipment necessary to produce 14 metric tons LH^/year and 24 metric tons LOX/year 
(2 metric tons LOX/month) is listed in Table 7-1. Total pilot plant mass is 60 metric tons, 
including a nuclear power plant producing 1.7 MW g . Appendix C and D provides details 
of the calculations for the various units. The plant is divided into three major areas: 
mining , process, and power. An additional mass and power margin is added to account 
for miscellaneous equipment and structure. 

Mining 

Large amounts of mature (hydrogen-rich) lunar soil must be processed. At the 900*C 
temperature selected for the pilot plant hydrogen extraction reactors, 25,000 metric tons 
of lunar soil is required per metric ton hydrogen produced, given the basis of 50 ppm H 
in bulk soil and the hydrogen/water release curves shown in Figures 5-2 and 5-3. This 
requires processing the soil in a 300 m x 300 m x 2 m deep pit to produce 14 metric tons 
LH^ over a year of pilot plant operation. Due to their flexibility, front-end loaders and 
self-propelled haulers were selected for this operation since they could potentially be applied 
to other lunar base surface operations. Other surface mining alternatives, such as three- 
drum drag scrapers (89), offer the possibility of mass/power savings but at the cost of 
flexibility. Another alternative is to process the soil in place (in-situ) using a mobile 
processing plant. However, providing the power supply for an in-situ processing plant 
would be challenging. 

Process 

As given in Table 7-1, the hydrogen extraction units are the largest individual contributor 
to the process mass. The calculation was based on splitting the feed to two reactors 
operating in parallel, since the required wall thicknesses/reactor mass decreases with reactor 
diameter and feed rate. For purposes of the conceptual design, reactor temperature was 
limited to 927*C (1700*F). This approximates the upper limit for uncooled pressure 
vessels made of aerospace qualified super alloys such as Inconel 600 or X-750 (107, 108). 
About 80% of the hydrogen is released at this temperature (Figure 5-2). The temperature 
is sufficiently high such that hydrogen reacts with ilmenite in the soil to form H 2 O 
(Figure 5-3). Although the proposed process requires the presence of ilmenite, all lunar 
soils will typically contain sufficient ilmenite to react with the available hydrogen. For 
a maximum plausible hydrogen content of 120 ppm, only 0.9 weight percent or 0.6 volume 
percent ilmenite is required for complete reaction. Typical ilmenite -poor Apollo 14-17 
highland rocks, from which highland soils are produced, contain at least 1 percent by 
volume ilmenite. The ferrous oxides contained in other minerals (pyroxenes, olivines) 
may also be reduced by hydrogen. 

A multistage gas/solid counter-current flow reactor is required for energy efficiency. 
Even for this conceptual design, where 50% of the thermal energy required to heat the 
incoming soil (0.3 kw-hr/mt soil-’C) is recovered in the multistaged-reactor, over 6 MW 
of thermal and electrical power is needed just for the extraction step of the pilot plant. 

Water of reaction is electrolyzed in a ceramic -electrolyte cell operating at reaction 
temperature (900*C). The majority of the hot hydrogen gas from the cell is returned to 
the reactor to preheat the soil feed. Additional energy is added in a heater to supply 
reactor heat requirements and makeup radiation losses. An inert gas may be required to 
reduce the gas temperature exit this heater. 
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Sulfide impurities are removed prior to the electrolysis step by passing the product gas 
through a bed of raw (cold) soil where hydrogen sulfide reacts with free iron to form troilite 
(FeS) and hydrogen. An alternative is to remove sulfur after the electrolysis step by 
selectively condensing out SO 2 from the oxygen stream. 

Power 

Because of the large power requirements, a nuclear power source was selected for the 
pilot plant. This allows a 90% plant duty cycle for both lunar day and night processing. 
Soil mining and transport was limited to day only with a 35% duty cycle. Since the 
nuclear power source is 5-10% efficient, large amounts (22 MWt in this case) of high 
quality waste heat (900*K) is generated during power generation (105). The pilot plant 
conceptual design assumes that 75 percent of the process reactors’ 6 MW power requirement 
is supplied by a suitable heat transfer system from the nuclear power generator’s waste 
heat, while the remainder is supplied by electric heater. 
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Table 7-1. Hydrogen Extraction Pilot Plant Equipment List 

Basis: 14 mt/yr LH 2 , 24 mt/yr LOX, 90% process duty cycle, 35% mining 

duty cycle. 

Total 

Total Elect Dimensions (each unit) 



Mass 

Power 

W/D 

L 

Item 

(kg) 

flcwc) 

(m) 

(m) 

Front End Loaders (3) 

7,743 

65.8 

2.3 

3.3 

Haulm (5) 

5,080 

18.6 

2.5 

4 

Mining Total 

12,823 

84.4 



Feed Bin 

370 


6.1 

6.1 

Discharge Bin 

370 


6.1 

6.1 

H^ Extract Reactors (2) 

16,620 


2.9 


Heat Transfer Equip. 

831 

1,557 



Gas Purification Equip. 

267 




Electrolysis Cell 

107 

16.8 

0.5 

0.5 

Oxygen Liquefier 

73 

1.7 

0.3 

0.9 

Hydrogen Liquefier 
LOX Storage Tanks (2) 

86 

299 

36.3 

0.3 

1.9 

1.0 

LH~ Storage Tanks (2) 
Thermal Control System 

1,311 

3,002 


3.4 

6 

25 

Process Total 

23,336 

1,611 



Margin 

10,848 

41.7 




Total Mining & Plant 

47,007 

1,737 

Nuclear Power 

12,970 



Total Plant & Power 59,977 1 ,737 


n v ^ 

(ml (m ) ggmmsflta 


2.3 

17.2 

0.7 m* bucket. 


2.5 

25 

4.5 in bed. 



177 

Mine/transport 29,364 mt/month soil 
duty cycle. 

at 35% 

1.2 

45 

Stores 4 hrs of reactor feed. 


1.2 

45 



9.2 

60 

Includes 0.3 m insulation all around. 

927 ‘C 


operational temperature. Total 177 kwt heat loss. 
Provides electrical heat requirements for extraction 
reactor. 4,670 kw thermal also provided by heat 
exchange with power system. 

Removes hydrogen sulfide. 

0.8 0.2 High-temperature solid-state electrolysis. 

0.1 2.9 kw total heat rejection required. 

0. 1 45.3 kw heat rejection. 

3.5 3 months LOX storage (6 mt LOX). 

20 2 month LH~ storage (2.3 mt LHA 

Radiator rejects 48.2 kwt at 290&. 

Also requires 4,670 kw thermal power from nuclear 
reactor waste heat. 


Contingency factor (30% of process+mining mass, 
and 30% of power net the extraction reactor 
power req.) redundancy, spares, process structural 
components, A&R, and other miscellaneous factors. 


Generates 1,737 kwe, rejects 22,427 kwt (of 
which 4,670 kwt contributed to reactor thermal 
requirement). Includes mass of reactor, radiator, 
power converter, and instrument-rated shielding. 
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7.1.3 Optional Process to Produce Sintered Ceramic Products 

A process to mold sintered products can be integrated into the hydrogen extraction 
equipment since sintering temperatures are nearly the same as extraction temperatures. 
In sintering, granular materials are bonded into solids at temperatures below their melting 
point without the addition of binding agents such as cement, plastics, or fluxes. Thermal 
bonding occurs naturally on the lunar surface. Several meter thick breccia layers have 
formed from lunar soil components as a result of the heat generated by meteorite impacts. 
Petrographic studies by McKay and Morrison (109) demonstrated that bonding occurs by 
the welding together or sintering of fine glass particles in the soil. Studies of returned 
lunar material and vitreous simulates by Simonds (110) and Uhlmann et al. (Ill) quantified 
the process. 

The principal requirement for a sinterable lunar soil is that it contain a substantial 
amount of glass. This is true of most lunar soils which typically contain at least 30% glass, 
occuring both as glassy fragments and as glass-bonded aggregates called agglutinates. 
Glass fragments range in size from 5 microns to several millimeters with an average 
approximately the same as the bulk soil or 0.08 mm. Average agglutinate size also 
approximates the soil average, although particle size ranges from 0.01 mm to several 
centimeters (4). 

Depending on glass composition, temperatures must be controlled in a range spanning 
approximately ±100’C that will allow rapidly sintering but be below the glass crystallization 
temperature. The process of sintering comes to a halt once the glass is crystallized 
(111, 113). Figure 7-2 shows the time and temperature required for sintering a variety 
of lunar soil compositions. Low titanium mare basaltic soil compositions characteristic 
of the Apollo 12 and 15 landing sites have the lowest sintering temperature (810*C for 1000 
sec). High titanium mare soils found at the Apollo 11 and 17 landing sites have the next 
most sinterable compositions (910*C for 1,000 sec), while the aluminous soils of the highlands 
observed at Apollo 14 and 16 require the highest sintering temperatures (930*C for 1000 
sec). The curves in Figure 7-2 were derived from an equation describing sintering (112): 

X/r = (3 1 1/ 2 n n r) 1/2 

where X is the radius of the nedc between coalescing grains, r is the grain radius, t is 
the surface tension (~300 erg/cm^ for typical silicate glasses), t is time in seconds, and 
n is viscosity in poise. Viscosity data for lunar glasses are summarized in Figure 7-3 
(114). Typical compositions for these glasses are given in Table 7-2. 

Design Concept 

A small flow of solids that is withdrawn from the high-temperature (900*C) region of 
the multistaged fluidized-bed reactor can be used as the feedstock for the ceramic making 
equipment. The solids would be loaded into a mold and transferred to a furnace where 
they would be maintained within the sintering temperature range. A low-porosity part 
can be formed by hot-pressing, applying either mechanical or gas pressure, during sintering. 
After formation, the part is removed from the mold and the mold recycled. The mass 
penalty for sintering equipment is not expected to be large. A sinter plant consisting 
of the molds, furnace, and other equipment to produce 5 mt/day of ceramic products 
was estimated to mass under 500 kg (49). Hot-pressed blocks could be used as high- 
density radiation protection for pressurized modules. Other uses for sintered products 
include mounts, supports, and road-building materials. 
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Figure 7-2. Time/Temperature to Sinter Lunar Soils 

TIME TO SINTER LUNAR GLASS 

FOR NECK RADIUS = 20% GRAIN RADIUS 



Figure 7-3. Viscosity of Lunar Glass as a function of Temperature (Ref. 1 14) 

VISCOSITY OF LUNAR GLASSES 


DATA FROM UHLMANN ET AL (1974) 
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Table 7-2. Composition of Lunar Soils (Ref. 4) 

Mare Highlands 



Hi-Ti 

Lo-Ti 

Noritic 

Anorthositic 


10084 

12041 

14003 

61160 

Chemical Comp. (Wt.%): 





Si0 9 

41.0 

46.8 

48.1 

44.7 

TiOn 

7.3 

2.7 

1.8 

0.6 

AloOo 

12.8 

15.4 

17.6 

26.3 

ciZoi 

0.3 

2 

0.3 

1.0 

FeO 3 

16.2 

14.2 

10.5 

5.3 

MnO 

0.2 

0.2 

0.1 

0.7 

MgO 

9.2 

9.1 

9.3 

6.4 

CaO 

12.4 

10.9 

11.1 

16.2 

Na^ 

0.4 

0.4 

0.7 

0.4 

k 2 6 

0.2 

0.3 

0.5 

0.1 

Total 

100 

102 

100 

101.7 

Modal Comp. (Vol.%): 





Lithic Fragments 





Mare Basalt 

24.0 


1.3 

0.3 

Highland Rocks 

2.3 


20.5 

10.1 

Dark Breccia 

7.5 


3.0 

28.6 

Agglutinates 

52 

58 

60.3 

37.0 

Mineral Fragments 





Pyrox.& Olivine 

4.2 

15 

3.6 

2.6 

Plagioclase 

1.9 

1 

2.3 

14.7 

Opaques 

1.1 




Glass 





Orange/Black 

2.7 




Yellow/Green 

0.8 




Brown 


23 

4.8 

3.1 

Clear 

1.3 


4.3 

0.7 

Devitrified 

1.8 




Others 

0.3 




Total 

99.9 

97 

100.1 

97.1 
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7.2 Trade Studies 


The effect on plant mass and power of extraction temperature, solar vs. nuclear power 
source, and heat recovery options are described in the following sections. 

7.2.1 Extraction Temperature 

The amount of hydrogen evolved depends on temperature as given in Figure 5-2. More 
hydrogen is generated at higher extraction temperatures, which means less soil processing 
and reduced equipment volumes/mass for a given hydrogen production rate goal. However, 
energy requirements increase with extraction temperature. The trade-offs in soil and 
power requirements with extraction temperature are described in this section. 

Table 7-3 shows the amount of soil required and the ratio of oxygen/hydrogen produced 
as a function of extraction temperature based on gas release curves given in Figure 5-2 
and Figure 5-3. Total plant and power system mass for producing 1 mt/month LH 2 is 
minimized with a 600-700*C extraction temperature as given in Figure 7-4. The basis of 
this trade was: 

. Nuclear power. 

• 90% process duty cycle, 35% mining duty cycle. 

• 50 ppm H in bulk soil. 

• 50% of thermal requirements to heat soil feed is recovered in the multistage reactor. 

• 75% of remaining reactor heat requirements supplied by nuclear power waste heat. 

Figure 7-4 shows that the mass of mining equipment decreases with increasing extraction 
temperature since less mining is required. However, even though the size of the extraction 
reactors decreases as the extraction temperature increases, the reactor shell mass tends 
to increase because yield strength of containment materials declines at higher temperatures 
and denser reactor shell materials must be used (see Table 7-4). 

As temperature increases, more oxygen is produced from the water product of hydrogen 
reduction of ilmenite. Figure 7-5 represents the expected oxygen to hydrogen recovery 
ratio based on several passes of hydrogen through the reaction bed and simultaneous 
water removal by electrolysis. More oxygen can be removed given enough ilmenite and 
additional hydrogen passes. However, it is obvious that higher temperatures are preferred 
for oxygen extraction. As shown in Figure 7-6, total mass of plant and power system 
for a 2 mt/month LOX pilot plant is minimized for extraction temperatures above 1000*C. 

As a compromise between efficient hydrogen and oxygen recovery, a maximum temperature 
of 927*C (1,700*F) was selected for the H 2 pilot plant extraction reactors. 

Another option not examined in this study is to extract hydrogen from bulk soil at a 
lower, more ^-efficient, temperature (600*C), then react the recovered hydrogen with 
concentrated ilmenite at higher, 02-efficient, temperatures (900-1 100*C). Ilmenite bene- 
ficiation equipment and more reacfors would be required, but total system mass savings, 
especially for high capacity plants, may justify the added complexity (and potentially 
lower reliability). 
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Table 7-3. Soil-Mining Requirements for Hydrogen Extraction Plant 

(Basis: 50 ppm H in bulk soil, Figures 5-2 and 5-3 gas release, water sep- 

arated into O 2 and H 2 , and H 2 S discarded) 


Extraction 

Oxygen/ 

Hydrogen 

Soil/ 

Hydrogen 

Soil/ 

Oxygen 

Temperature 

Ratio 

Ratio 

Ratio 

r C) 

(mtQVmt H-») 

1 

1 

8 

| 

(mt soil/mt 0->) 

427 (800*F) 

0.43 

4 * 

57,512 

Xr 

134,124 

527 (980’F) 

0.67 

33,181 

49,299 

627 (1160*F) 

0.93 

28,801 

30,902 

727 (1340’F) 

1.19 

27,269 

22,895 

827 (1520*F) 

1.45 

26,110 

17,971 

927 (1700*F) 

1.70 

25,012 

14,682 

1027 (1880*F) 

1.93 

23,943 

12,397 

1127 (2060*F) 

2.13 

22,845 

10,723 

1227 (2240*F) 

2.30 

21,716 

9,421 

1327 (2420*F) 

2.45 

20,471 

8,354 


Table 7-4. Reactor Shell Materials’ Yield Strength (Ref. 107,108) 


Extraction 

Temperature 

r O 

Shell 

Material 

Room 

Temperature 

Yield 

Stress 

(MPa) 

Ratio of 
Yield 

Stress @ Temp. 
andR.T. 

Yield Stress 

227 (440'F) 

Aluminum (2219-T87) 

352 

0.54 

327 (620*F) 

Inconel (600 or X-750) 

1034 

1.0 

427 (800*F) 

Inconel 

1034 

0.91 

527 (980*F) 

Inconel 

1034 

0.89 

627 (1 160*F) 

Inconel 

1034 

0.81 

727 (1340*F) 

Inconel 

1034 

0.48 

827 (1520*F) 

Inconel 

1034 

0.33 

927 (1700*F) 

Inconel 

1034 

0.18 

1027 (1880*F) 

Mo-.5% Ti or TZM alloy 

517 

0.45 

1127 (2060*F) 

Molybdenum alloy 

517 

0.21 

1227 (2240*F) 

Molybdenum alloy 

517 

0.15 

1327 (2420*F) 

Molybdenum alloy 

517 

0.1 
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Figure 7-4. Effect of Extraction Temperature for Constant LH 2 Production 

H2 Extraction Plant Mass, Constant LH2 

1 mt/month LH2, LOX Variable 



(}ui) ssep( 
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Figure 7-5. Oxygen to Hydrogen Extraction Ratio 

Oxygen to Hydrogen Extraction Ratio 



ot^ey ssnft ua3ojp/Cn/ ua ^ x 0 
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Extraction Temperature (C) 



Figure 7-6. Effect of Extraction Temperature for Constant LOX Production 

H2 Extraction Plant Mass, Constant LOX 

2 mt/month LOX, LH2 Variable 
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7.2.2 Power Source 

This trade was comparing the use of solar and nuclear power sources. Basis of the study 

is a pilot plant producing 2 mt/month LOX and 1.2 mt/month LH 2 at 927*C extraction 

temperature. Characteristics of the cases compared are: 

Case 1 - Nuclear Power: 

. 90% process duty cycle, 35% mining duty cycle. 

. 50% recovery of soil heat requirements in multi-stage reactor. 

• 75% of remaining reactor heat requirements supplied by nuclear power waste heat, 
25% by nuclear-electric. Nuclear power performance ratios range from 24 kg/kwe 
for a 250 kwe system to 7.5 kg/kwe for a 1.7 MWe system. 

Case 2 - Solar Concentrator and Nuclear-Electric Power: 

« 45% process duty cycle (daylight processing only), 35% mining duty cycle. 

• 50% recovery of soil heat requirements in multi-stage reactor. 

• All r ema ining reactor heat requirements supplied by solar concentrator. Solar 
concentrator sized at 1 kg/m , including mirror and support structure* rotating 
equipment, etc. Concentrator assumed 70% efficient, solar intensity 1.352 kw/m . 

• Nuclear power provides all electrical power requirements and makes-up reactor heat 
loss during the lunar night. 

Case 3 - Solar Concentrator, Photovoltaic (PV) Solar Arrays, and Regenerative Fuel 
Cells (RFC): 

. 45% process duty cycle (daylight only), 35% mining duty cycle. 

. 50% recovery of soil heat requirements in multi-stage reactor. 

• All remaining reactor heat requirements supplied by solar concentrator. 

. Electrical power provided by PV system during lunar day, RFC system provides 

heat loss makeup during lunar night. PV array performance ratio of 25.5 kg/kwe 
was used, and RFC typically > 300 kg/kwe. 

Mass and power breakdowns for each of these cases are given in Figures 7-7 and 7-8. 

A summary is: 




Percent 

Total 

Percent 



Difference 

Electric & 

Difference 



From 

Thermal 

From 


Mass (mt) 

Case 1 

Power (MW1 

Case! 

Case 1 - Nuclear 

60.0 


6.4 


Case 2 - Solar Cone. 

92.3 

+ 54% 

12.6 

+ 97% 

Case 3 - Conc./PV/RFC 

225.6 

+276% 

13.7 

+106% 


The ability to operate day and night (90% duty cycle) and efficient power generation at 
high-power levels made the nuclear powered case the preferred option. This trade shows 
that use of solar energy is not "free" for two reasons: 1) solar concentrators limit 

operation of the plant to the lunar day, thus requiring larger process vessels for a 
given production rate, and 2) solar concentrators are less efficient than nuclear sources 
at higher power levels (megawatt range), given that nuclear waste heat can also be 
used for some of the process thermal requirements. 
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Figure 7-7. Effect of Power Source on H 2 Extraction Plant Mass 

Effect of Power Source 

24 mt/yr LOX, 14 mt/yr LH2 



(}Ul) SSBft 
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Figure 7-8. Effect of Power Source on H 2 Extraction Plant Power 
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7.2.3 Heat Recovery Options 


A trade was performed to determine the effect of using nuclear power waste heat, and 
of recovering significant amounts of energy in a multi-stage fluidized bed reactor. A 2 
mt/month LOX, 1.2 mt/month LH 2 pilot plant was the basis of the study. Case 1 was 
the same as in the previous section, i.e.: 

Case 1 - Nuclear power using nuclear reactor waste heat: 

• 90% process duty cycle, 35% mining duty cycle. 

• 50% recovery of thermal requirements in multi-stage reactor. 

• 75% of remaining reactor heat requirements supplied by nuclear power waste heat, 
25% by nuclear-electric. 

• 3 hours total solids residence time in each reactor. 

In Case 2, the effect of recovering more thermal energy in the reactor was assessed. 

Case 2 - Nuclear power using nuclear reactor waste heat and recovering more thermal 
energy in the extraction step: 

• 90% process duty cycle, 35% mining duty cycle. 

• 80% recovery of thermal requirements in multi-stage reactor. 

• 75% of remaining reactor heat requirements supplied by nuclear power waste heat, 
25% by nuclear-electric. 

• 3 hours total solids residence time in each reactor. 

Case 3 assesses the effect of supplying all hydrogen extraction reactor heat requirements 
with electrical power instead of a combination of electric and waste heat from the 
nuclear power source. As given in Figure 7-9, the total thermal/electrical power require- 
ments for Cases 1 and 3 are the same, however, Case 3 requires significantly greater 
electrical power (4.7 MW). 

Case 3 - Nuclear power without using reactor waste heat: 

• 90% process duty cycle, 35% mining duty cycle. 

• 50% recovery of thermal requirements in multi-stage reactor. 

• All reactor heat requirements supplied by nuclear-electric power. 

• 3 hours total solids residence time in each reactor. 

Case 4 illustrates the effect of not recovering any heat in the extraction step, nor using 
nuclear reactor waste heat. The extraction reactors are conceived as single-stage with 
no heat recovery. The reactors can be made smaller but power requirements are the 
maximum possible for a 90% duty cycle. 

Case 4 - Nuclear power, no waste heat utilization or heat recovery: 

• 90% process duty cycle, 35% mining duty cycle. 

• No recovery of thermal requirements in process reactor. 

• All reactor heat requirements supplied by nuclear-electric power. 

• 1 hour total solids residence time in each reactor. 

A comparison of these cases is given in Figure 7-10 and summarized by: 
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Percent Total Percent 

Difference Electric & Difference 

From Thermal From 

Mass (mt) Case 1 Ppwgr (M Wj Case 1 

Case 1 - Nuc., 50% rec 60.0 6.4 

Case 2 - 80% recovery 55.6 - 7% 2.7 -58% 

Case 3 - Nuc-El. Only 70.4 +17% 6.4 0 

Case 4 -No Heat Rec. 73.1 +22% 12.0 +88% 


The comparison shows that energy recovery schemes are not as effective in reducing 
total plant and power system mass as is improved process duty cycle (effectively examined 
in the previous section where it was shown that the lower the duty cycle, the larger 
the plant must be to produce a given quantity of product). This is because nuclear 
power is relatively efficient in the megawatt range. However, a 20% reduction in plant 
mass is significant, and thermal recovery steps will play an important role in reducing 
total process mass. 
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Figure 7-9. Effect of Heat Recovery Options on H 2 Extraction Power 

Effect of Heat Recovery Options 

mt/yr=24 LOX, 14 LH2, Nuclear, 90% D.C. 



(MW) J3 «°d 
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Mining 


7.2.4 Other Trades 

Other trades are possible, including: 

Mining Options 


* Alternate mining vehicles could be evaluated, such as bucket wheel excavators, 
bulldozers, scrapers, draglines, and three-drum slushers (or three-drum drag-scraper). 
Although offering a light-weight mining alternative (89), the three-drum slusher is 
not suitable for other lunar surface tasks, and may not be preferred for pilot plant 
operations. However, it would be particularly effective for a large mining operation 
since dedicated mining machines would be necessary. At least two slushers would 
be required, one for collecting raw soil and another for disposing spent fines. 

. Mobile mining/processing plants could also be evaluated. A mobile plant would 
heat soil in-place (without using a reactor) by microwave or other technique (19, 
42) and the evolved gases would be recovered, thus eliminating the need for soil 
mmmg and transport, as well as the reactor vessels. Gas losses will probably be 
much higher, however. 

Beneficiation 


• Since the majority of solar wind gases are concentrated in fine soil particles (in 
one sample, 95% of the hydrogen is in the sub-45 micron fraction, Ref.40), a hydrogen- 
nch concentrate of fine particles could be used to reduce extraction thermal require- 
ments. Mechanically agitated screens are inefficient for size separations on feeds 
with average size of 0.1 mm or less. Over 80 mt of screens was calculated for 
separating 45 micron particles in the 14 mt/year LH 2 pilot plant, which is more 
man the entire plant and power system masses without screens. Thus, an alternative 
fines separation system is needed. Possiblities include cyclone separators or mechanical 
gas classifiers (Figure 6-37). 

Process 

more . efflcient extract hydrogen from bulk soil at lower temperatures 
(000 C), I then using the recovered hydrogen to extract oxygen from a concentrated 
llmemte feedstock at higher temperatures (900-1000‘C). 

• Evaluation of alternative low-density and refractory reactor shell materials. Cermets 
(ceramic/metallic composites) are a possiblility. Use of multilayer Inconel metal/zirconia 
vacuum-insulation and other insulation concepts could also be evaluated. 

optimum oxygen/hydrogen production split needs additional analysis. 

• Trades between the number and total mass of the gas extraction reactors. 

7 3 Sensitivity to Production Rate 

Scaling relationships were developed that relate plant mass and power to production 

rate. Basis for the production rate sensitivity analysis is: 

• Nuclear power. 
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50 ppm H in bulk soil feedstock. 

927 *C extraction temperature. 1 .7 mt O 9 produced per mt H 2 . 

90% process duty cycle, 35% mining duly cycle. . 

50% of thermal requirements for heating soil feed are recovered in multi-stage reactor. 

75 % of remaining reactor heat requirements supplied by nuclear power waste heat, 
25% by nuclear-electric. 

Future 7-11 shows plant and power system mass as a function of liquid hydrogen production 
rates ranging from 6-140 mt/yr. Plant mass (the sum of the mining and process areas, 

and margin) is correlated by: 

Plant Mass (mt) = 2.64 * LH 2 Prod, (mt/yr) + 10.8 Error = ± 2.5 mt 

Total plant and nuclear power mass is given by: 

Plant and Power Mass (mt) = 2.97 * LH 2 Prod - + 17 7 Error = ± 22 mt 

Process power requirements are shown in Figure 7-12. The electric power requirements 
are: 

Error = ± 0.007 MWe 


Electric Power (MWe) = 0.122 * LH 2 Prod, (mt/yr) + 0.021 


Thermal requirements for the process reactor that are provided by nuclear reactor waste 
heat are: 

Thermal Power (MWt) = 0.326 * LH 2 Prod, (mt/yr) + 0.079 Error = ± 0.023 MWt 


Total electric and thermal power is: 

Power (MW) = 0.448 * LH 2 Prod, (mt/yr) + 0.100 


Error = ± 0.030 MW 
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Figure ' 
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Figure 7-12. Sensitivity of H 2 Plant Power with LH 2 Production 
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LH2 Production (mt/year) 




8.0 Conclusions 

8.1 Summary of Findings 

. Numerous chemical pathways to lunar oxygen production have been proposed. 
However, re alis tic comparisons are difficult because: 1) reported process mass and 

power estimates lack a consistent basis to allow comparison, 2) many process alter- 
natives exist which can significantly effect process power and mass, and 3) many 
processes produce a range of byproducts besides oxygen. 

. A conceptual design of a 2 mt/month LOX pilot plant was produced. The process 
extracts oxygen by reducing ilmenite with hydrogen. For a plant at 45% duty 
cycle, using basalt rock as feedstock, and powered by photovoltaic (PV) solar arrays 
and regenerative fuel cells (RFC), the mass of plant and power was estimated as 
24.7 metric tons (mt) and the PV system was sized to deliver 146 kwe to plant and 
RFC. The major units of the process are delivered to the lunar surface in a fully- 
integrated Shuttle payload bay pallet, with external dimensions of 14 diameter x 
45’ long. 

• From trade studies of the hydrogen reduction process, it was concluded: 

Ilmenite rich, high-titanium mare basalt is a feedstock offering potential 
plant and power mass reductions of over 15% from a mare soil-fed 1000 mt 
LOX/year production plant. There is an insignificant difference in total 
mass between pilot plants using basalt and soil feedstocks. 

Nuclear power offers the greatest potential for significant plant mass reductions. 
Total pilot plant and power mass reductions of 45-50 percent are possible 
using nuclear power at a 90% plant duty cylce instead of a PV/RFC system 
at 45% duty cycle. 

Eliminating oxygen liquefaction and storage systems from the pilot plant 
saves 5% in total mass. This reduction is gained at the expense of significantly 
degraded capability to demonstrate key oxygen production technologies such 
as long term LOX storage in the lunar thermal environment, LOX refueling, 
and LOX quality certification and impurity control demonstration. 

Delivery of small, self-contained, modular oxygen production units is inefficient 
in terms of total mass compared to delivery of units that are assembled into 
a single large production plant. The total mass of a single large oxygen 
p lan t and nuclear power system that produces 144 mt/year LOX was, at 40 
mt, 50% less than six 24 mt/year pilot plant units operating under the same 
conditions. 

• Scaling equations were developed for total plant and power system mass and process 
power requirements as a function of production rate. 

For a basalt-fed pilot plant ( 1 -5 mt LOX/month), PV/RFC power, 45% duty cycle: 

Mass (mt) = 6.50 * LOX (mt/month) +11.8 
Power (kw) = 58.2 * LOX (mt/month) + 30.8 
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For a soil-fed pilot plant (1-5 mt LOX/month), PV/RFC power, 45% duty cycle: 

Mass (mt) = 7.21 * LOX (mt/month) + 10.0 
Power (kw) = 71.1 * LOX (mt/month) + 22.8 

For a basalt-fed production plant (144-1500 mt/yr). Nuclear power, 90% duty 
cycle: 

Mass (mt) = 0.187 * LOX (mt/yr) + 16.4 
Power (kw) = 2.35 * LOX (mt/yr) + 34.4 

For a soil-fed production plant (144-1500 mt/yr). Nuclear power, 90% duty cycle: 

Mass (mt) = 0.231 * LOX (mt/yr) +13.6 
Power (kw) = 2.95 * LOX (mt/yr) + 27.7 

• A second conceptual design was produced of plant that extracts solar wind hydrogen 
from bulk lunar soil. The mass of a 2 mt/month LOX, 1.2 mt/month LhU pilot 
plant was estimated as 60 mt, including a nuclear power plant providing 1.7 MWe 
and 4.7 MWt to the process. Scaling equations were also developed for plant mass 
and power: 

Mass (mt) = 2.97 * LH 2 (mt/yr) + 17.7 

Electric Power (MWe) = 0.122 * LH 2 (mt/yr) + 0.021 

• Progress in applying automation and robotics technology to remote mining operations, 
and to remote serv icing/maintenance of complex process equipment is needed to 
offset high man-power requirements which are typical of terrestrial mining/chemical 
processing. 

8.2 Recommendations 

• A thorough cost/benefit analysis is needed of lunar oxygen production strategies of 

interest, including: 1) oxygen production for reusable lunar landers, 2) both lunar 

oxygen and hydrogen production for the landers, and 3) an incremental approach to 
placing LOX production capacity for supplying a LEO market. Sensitivity to operations 
costs and annual rate of lander missions should be assessed. 

A re-analysis of the payback period and lifetime program savings for a scenario that 
uses lunar oxygen for reusable landers is the top priority. The study should incorporate 
the LOX plant sizing equations given in this report. It should also recognize that 
a teleoperated LOX plant module can be delivered in an integrated package, allowing 
LOX production to begin soon after interfaces to utilities are provided. 

• A consistent comparison of extraterrestrial resource utilization processing methods 
and alternatives is needed. Mass, power, and volume estimates reported in the 
literature for various process alternatives differ fundamentally in what is and is 
not included in the estimates. Researchers now involved in assessments of new 
initiatives will require a consistent set of data for comparison purposes. 

A study to produce a set of process mass, power, and volume requirements on a 
consistent basis is recommended. Values given in the literature for these process 
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requirements will be used as possible, but where values for certain parameters are 
not included (e.g. mining equipment, or oxygen liquefaction), a consistent estimating 
scheme will be applied to generate the additional numbers. Some trades to generate 
a more optimized process will be conducted as appropriate. 

This study would incorporate all the latest results publicly available from on-going 
Small Business Innovation Research (SBIR), University space research, and other 
relevant investigations of Lunar/Mars/Phobos propellant production processes. 

• A general trade study is needed between the Moon, Mars surface, or Phobos/Deimos 
to determine which are the most favorable sources for propellant manufacture for 
each of a given set of scenarios from the proposed New Initiatives. Propellant 
production impacts on program/lifetime LEO launch mass will be used as a first- 
order discriminator between sources and process alternatives. 

• An analysis of likely oxygen product impurities and possible remedies is suggested 
for the hydrogen reduction of oxygen process. 

• Additional analytical study of processing alternatives to optimize hydrogen reduction 
plant mass and power were indicated in this report. Certain alternatives hold 
particular promise in reducing plant mass and power requirements such as improved 
methods to separate soil fines and application of permanent magnetic roll ilmenite 
separators. 

• Additional experimental data is needed in a number of areas to produce a more 
realistic design, such as: 

Magnetic separation efficiency with typical mixed lunar minerals is desirable 
to develop a better estimate of beneficiation mass/power requirements and 
efficiencies. Particular care in terms of selecting lunar materials simulants 
with the proper ferrous (divalent) iron contents in ilmenite. The response in 
magnetic or electrostatic mineral separation equipment of iron oxide constituents 
in pyroxenes and olivines should also be determined. 

Testing of lunar soil sizing schemes is needed to determine efficiencies, mass 
and power requirements. 

Crushing and grinding characterization tests of appropriate lunar basalt rock 
simulants are needed for a more detailed assessment of using basalt as an 
ilmenite feedstock. 

Research to determine the optimum hydrogen reduction reactor configuration. 

Testing and analysis should continue to determine the extent of lunar gravity and 
environment effects on process equipment. 
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A.l Front-End Loader 


Front-end loader (FL) mass and power requirements are determined by the following 
equations for both mining feedstock (for basalt-fed and soil-fed LOX plants) and for 
overburden removal (for basalt-fed plants only). 

FL Mass 

Mass, M (mt), of all front-end loaders (FL) is: 

M = N*M fl Eqn.l 

where the number of FLs, N, is selected to produce a FL with dimensions of a reasonable 
size (for payload manifesting) and is the mass of an individual FL (mt) found from: 

M fl = F t * FOS * M b Eqn.2 

The tipping factor, F„ is the ratio of FL mass to tipping mass. This ratio is independent 
of the gravity field (Earth and lunar F. factors are the same). Numerous F t factors for 
terrestrial FLs reviewed by Carrier (88) and others (87, p.177), consistently average 
about F t =1.6, independent of FL size. Note that using lunar soil as ballast could potentially 
reduce the F t factor below 1.6, thus reducing Earth launch mass of the FL (stability of 
terrestrial FLs is improved by adding counterweights to the rear of the FL or by adding 
ballast into the FL tires). The factor of safety, FOS, is the ratio of safe tipping mass 
to bucket load. For terrestrial FLs, the FOS is usually about 2, but since lunar FLs are 
assumed to incorporate automatic sensing systems to prevent tipping over, a FOS of 1.2 
should be adequate (88). The maximum bucket load, M b (mt), is related to the FL bucket 
size, V b (nr), and bulk density of loaded materials, p av (mtfirr): 

M b = V b *p ay Eqn.3 

Bulk density of loaded materials is determined from an average of the basaltic rock and 
soil bulk densities, and fraction basalt: 

Pav = f b*Pb + ( 1 ' f b>*Ps Et l n - 4 

where. 


f b is the fraction basalt in the mined material = 0.5 (assumed) 

Ph is basalt bulk density = 2.6, assuming basalt density of 3.2 (79) and 80% packing 
factor. 

p s is soil bulk density in the FL bucket = 1.8. 

'I 'l 

A minimum constraint of 0.5 m is assigned to FL bucket size, V b (m ), to allow sufficient 
flexibility in the FL so that it can be applied to other lunar base surface operations. 

For minimum bucket sizes, there is additional time available to complete other tasks. 

For bucket sizes greater than the minimum, bucket size is calculated by: 

V b = mdot * t fl / (3600 * N * f bf * p ay ) Eqn.5 

The mining rate, mdot (mt/hr), is determined by applying a 35% duty cycle for mining 
equipment and the required monthly mining rate. For a 2 mt LOX/month pilot plant, 
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371 mt of basalt (with 5% oversize & 50% soil rejects) is mined (see Section 6.2.1), or 1,454 
kg/hr at 35% duty cycle. The number of FL’s, N, was defined in Eqn.l and the average 
density of mined material, p ay , was defined in Eqn.4. A bucket fill factor, f b f, of 0.95 
is used to compensate for spillage of materials during loading. The FL cycle time, trj 
(sec), is defined as 120 sec. A basic cycle time of 27-33 sec is considered reasonable 
for terrestrial loaders, including load, dump, four reversals of direction, and full cycle 
of hydraulics (120, p.378-379). For a lunar teleoperated FL, 120 sec may be too short, 
unless a high degree of on-board sensing/computational capability is provided. 

FL Power 

The peak power required by each FL, Pq (kw/vehicle), is determined by: 

P fl = M fl .f p Eqn.6 

where is given in Eqn.l and the power factor, fj, is defined as 8.5 kw/mt of FL 
empty mass, typical of low-capacity terrestrial wheeled FLs (87, p.177; 121). This power 
can be supplied directly by the power system if each FL is connected by extension cord. 
However for power sizing purposes, a fuel cell powered FL is assumed. A 64% efficiency 
factor is assumed in regenerating fuel cell oxygen/hydrogen reactants. Therefore, the 
power, P (kw), demanded from the photovoltaic (PV) power system for all FLs is: 

P = N * P fl * f/0.64 Eqn.7 

Where the fractional use of available front loader time, f t , is 1 for front loaders not on 
the minimum bucket size constraint. For the minimum size constrained FL, the fraction 
of available mining time actually used by the FL is determined from the sum of the time 
required to remove overburden (for basalt-fed LOX plants) and to mine feedstock, divided 
by the available mining time (255.5 hrs/month at 35% duty cycle). 

FL Size 

The FL bucket is modelled as a triangular prism with dimensions width, (m), height, 

H b (m), and depth, D b (m), related to bucket size, V b (nr*): 

V b = 0.5*W b *H b *D b Eqn.8 

Given the ratios of bucket width to depth, = 2, and bucket depth to height, 

= 1, the bucket dimensions are: 

W b = R w/d< 2 * V b'Vd> 1/3 Eqn ' 9a 

H b = D b = W b*w/d E[ l"- 9b 

The bucket must extend across the full width of the machine to protect the front tires 
while excavating (87, p.192). For sizing purposes, the distance the bucket extends beyond 
the FL chassis, l e (m), is defined as 0.5 m. The distance the wheels extend beyond 
both sides of the frame, l w (m), is set at 1 m. The FL width, (m), is then: 

W fl = W b- 1 e + 1 w Eqn.10 
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Given a ratio of FL frame length to heigth, Ri^, of 3 and a FL specific gravity, SG, (based 
on overall chassis dimensions) of 1, the FL length without bucket is: 

L fl = [Mfl/SG * R^AWh - l e )] 0 - 5 Eqn. 1 1 

The length with bucket includes the length of the bucket and the distance the bucket 
rests from the front of the FL (defined as 2 * D^): 

Lf| w/ bucket = Lq + 2 * Eqn. 1 2 

The FL height includes the distance of the FL above ground, lg (m), (defined as 1.5 m): 

H fl = Lfi/Rjyh + i g Eqn13 

A.2 Hauler 

Haulers are used to deliver feedstock to the LOX plant, remove residual solids from the 
LOX plant to a discharge area, transport discards (oversize and undersize) from the mining 
pit to a discharge area, and to transport overburden materials to a discharge area. 

Mass 

Hauler mass, M>_ (mt), is determined from the hauler feedstock load, Mjj (mt), and the 
ratio of hauler load to hauler mass, R: 


M h = M hl /R Eqn. 14 

Low lunar gravity allows the hauler load to empty hauler mass ratio to be substantially 
higher than the 1.3 ratio typical of terrestrial self-propelled haulers (88) since most of 
the hauler mass is required for structural support of the payload. A ratio of 8 was 
suggested as a reasonable design goal for lunar haulers (88). It should be noted that, 
like the Apollo lunar rover, such a vehicle would collapse if tested in Earth-normal 
gravity At maximum payload. The hauler load is. determined from the hauler bed volume, 

V hb (nr ), bulk density of hauled materials, p (mt/nr ), and hauler fill factor, f^: 

M hl = v hb*P* f f Eqn15 

The hauler fill factor is set equal to 0.95. The bulk density of hauled materials is the 
mined material density, p av , (given in Eqn.4) compensated for a swell factor, f s , which 
is set to 1 .2: 

P = P av /f s Eqn16 

A minimum constraint of 4.5 m 3 was defined for the hauler bed volume to allow sufficient 
margin in pilot plant applications for the hauler to be used in other base surface operations. 
Otherwise, the hauler bed volume was given by: 

V hb = 4*V b Eqn.17 

where the FL bucket volume, V^, is given in Eqn.5. The number of haulers, N^, is 
determined by feedstock transport and overburden removal requirements; essentially 
given by: 


177 



(Rounded up to the nearest whole number) 


Eqn. 1 8 


N h = M f 


t. 


sum' 


A M hl 


*t_) 

m' 


where, 

(mt) is the mass of feedstock required per month. 

t (hr) is an average hauler cycle time (for all activities) including the times required 
tfy^e FL to fill a hauler, for an individual hauler to transport and discharge feedstock 
at the plant, for filling and transporting process tails to a discharge area, for 
discharging the tails, for overburden and mining tails handling. Assumptions niade 
for these calculations include: roundtrip haul distance is 2 km, hauler speed is 10 

km/hr, discharge time is 10 sec/nr of material, reloading tails at the process plant 
takes 1 min/m , roundtrip distance for overburden disposal is 400 m, and processing 
the mining site tails doubles the feedstock processing time. 

t (hr) is the available mining time in a month; 255.5 hrs at 35% mining duty cycle. 


Mhl ( mt ) * s gi ven in Eqn. 15. 
Total hauler mass, M ht (mt), is: 

M ht= N h* M h 


Eqn. 19 


Power 

Assuming that hauler power is provided by fuel cells with a 64% reactant recharging 
efficiency, total hauler power, P (kw), required of the power system (PV or nuclear) is: 

P = P t * ! hp * * 0M) Eqn ‘ 2 ° 

where 

t, is the time per cycle that the haulers are actually consuming power. Since 
Hauler power consumption during filling stages (feedstock at the mining site and 
tails at the process site) is considered zero, power time per cycle is essentially 
equal to (t gum - t flU ). 

N t is the total number of hauler roundtrips per month. t m (hr) is the available mining 
time per month as defined in Eqn. 19. 


P t is the peak hauler power per roundtrip (kw) calculated from: 
P t = C f *(M h + M w )*g m *cyt t 


C f is the coefficient of rolling resistance, equal to 0.2 in this study (typical values 
of 0.1 -0.2 for rolling in loose sand to soft/rutted roads have been given, Ref. 120, 
p.641). 

M h (mt) and (mt) are given in Eqns.14 and 15. 

2 

g is the lunar gravity acceleration, 1.62 m/s . 
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dj is the total roundtrip distance, assumed as 2000 m. 

t t is the total roundtrip time (sec) assuming 10 km/hr transport time. 

As given in Appendix B, a calculated hauler energy ratio of 0.09 w-hr/kg-km was calculated 
using Eqn.21. This compares with 0.08 w-hr/kg-km specified in another study (122) and 
the transportation energy requirements for surface and ballastic transport given in Figure 
A-l. 


Size 

The following assumptions are made for calculating overall hauler dimensions: 

• Ratio of hauler bed length to width, r, = L hh /W hh = 2. 

• Ratio of hauler bed length to height, r 2 = Luu/H.. = 3. 

• Distance wheels extend beyond sides of vehicle, T. = 1 m. 

• Height of hauler above ground, 1^ = 1.5 m. 

• Ratio of hauler bed length talength of hauler drive unit, in = Lul/L. . = 3. 

• Hauler bed volume, V bh (m 3 ), from Eqn.17. J nty nd 

Hauler bed length, L hb (m), is: 

L hb = ( V bh* r l* r 2) 1/3 

Hauler bed width, W h h (m), and height, H hK (m), are: 

W hb = L hb/ r l 

H hb= L V r 2 

Overall hauler length, L. (m), width, W h (m), and height, H h (m), arc: 

L h = L hb * (1 + l ' r 2) 
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Eqn.22a 

Eqn.22b 

Eqn.22c 

Eqn.23a 

Eqn.23b 

Eqn.23c 
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A3 Pit Scalper 

This machine sizes the feedstock (basaltic rock for the pilot plant conceptual design) to 
reject oversize (10-25 cm) and undersize (<lcm) pnor to feeding downstream cqmpmenr 
It mainlv consists of a grizzly scalper to remove oversize, a vibrating s ^ ree 
fine material (non-basalts), two bins (one to hold the sized feedstock, the other for undersize 

rejects), and the supporting structure. 

Mass 

Mass of each pit scalper, M $ (kg/unit), is the sum of the grizzly. Mg (kg), vibratory 


screen, M^ (kg), bins, M b (kg), and supporting structure, M^ (kg): 

M s = M g + M v + M b + M sp 

The grizzly is assumed to consist of spaced, rectangular steel bars. The length and 
width of the grizzly are set equal to the hauler bed width. The number of bars was 
determined fro Ke required spacing between bars, which is set equal to the 
allowed for the downstream crushing equipment. This maximum size, d (cm), was flowed 
to float with LOX production rate to balance the size of the primary (jaw) crusher 
(influenced by maximum inlet size) with crusher capacity: 


Eqn.24 


d =0.184 * LOX (mt/yr) + 9.63 


Eqn.25 


The mass of the grizzly was determined from the number, length and size (1 cm x 2.5 cm) 
ofthe grizzly baKwhich were baselined as steel (with S.G. 7.8), multiplied by a 1.2 
factor for structure. 

The mass of the mechanically vibrated screen was determined by: 

My = F v *A 


A factor, F„ (kg/m 2 ), relates vibratoty screen mass to screen area; a value of 25 kg/m 
was used. The screen area, A (nr), is determined from a capacity relationship (91, 

p.21-17): 


Eqn.26 

2 


A — 0.4 C t e m /(C u F q F g ) 


Eqn.27 


where, 


C t is feed rate to the screen (mt/hr) which is the mining rate minus the oversize 
rejection rate from the grizzly (assumed to be 5% of the basalt or 2.5% of the 
mined material, see Section 6.2.1). 

e is a factor (e = 1.5) to account for the expected inefficiencies of screening 
operation in the lunar low gravity conditions. 

CL is the unit capacity factor (mt/hr of feed per m 2 screen). The following unit 
capacity relations were derived from literature data (91, p.21-18, Figure 21-15), and 
using a 1 cm screen size (rejecting all material less than 1 cm as probable non- 
basalt soil components): Pnn ?Ra 

For screen sizes greater than 2.5 cm, C u = 43.7 Size (cm) + 12. 9 
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0.5 


Eqn.28b 


For screen sizes less than 2.5 cm, C u = 14.88 * [Size (cm)] 

F is the open area factor for the screen (with a 10 mm opening in this case) 
which was also derived from literature (91, p.21-15. Table 21-6): 

F q = 0.1079 * [Opening (mm)] 0,5 + 0.3354 Eqn.28c 

F & is the slotted opening factor, which is unity for the square mesh assumed in 
this study. 

A minimum screen area equal to the grizzly area is assumed. 

The basis of the mass calculation for the two bins, M b in Eqn.24, is: 

* Eac , h 0m ^ v °lume is capable of containing 2 hauler loads. Thus, the length of 

each side of the bin, L (m) = (2 * V bh ) r/3 . Eqn 2 $d 

• Bin walls are 5 mm thick and constmcted of aluminum (S.G. = 2.8). 4 

Structural support mass is: 

M S p = 0 ' 5 *Mg*M V Eqn.29 

The number of pit scalpers is set equal to the number of haulers required for feedstock 
and overburden transport, N b (Eqn. 18). Total pit scalper mass is therefore: 


M st = N h* M s 
Power 

Power for the vibratory screen in the pit scalper is: 


Eqn. 30 


P = F * A 
s r p A 


Eqn.31 


where. 


• C1 #^L area ’. £ (m ), is defined by Eqn.27 and the screen power factor, F_ (kw/m^) 

“ °\ 75 ’ w {j ic h wm derived from typical Earth industrial "hummer" vibraFory screen 
data (93, p.7-42 and 7-45). 

Power for all units is assumed to be provided by electric cabling from the power grid. 
Total power was determined by applying a mining utility factor (assuming for a 35% 
inining duty cycle, 70% of daylight time the unit is drawing power): 


P s , = 0 7 * N h * P s 


Eqn.32 


Size 


The width of the pit scalper is equal to the width of a bin (see Eqn.28d), W = L (m), while 
the twin bin doubles the length of the scalper, L = 2 L (m). The deployed height of 
he scalper is found from the sum of the height of the hauler, H h (m), the height of 

L(m) CreenS ’ Hs m aSSUmed to ** at 30 * Wlth len « th of L (m), ana the height of a bin, 
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A.4 Process Feed Bin 


Mass 

The mass of the feed bin is calculated based on: 

• Aluminum structure. 

• Bin capacity is sized for the maximum difference over a month in the input rate from 
the mining area (at 35% duty cycle) and the output rate to the process area operating 
at a different duty cycle (45-90%). The bin size for a 2 mt/month LOX pilot plant 
is large enough to store approximately 3 days of crasher feedstock. 


Size 

Size is based on a square-sided bin with a maximum height of 1.5 m. This maximum bin 
height constraint eases access for the hauler (bottom dump). 

A.5 Primary Crusher (Jaw Crusher) 


Mass 

The following correlations were derived from data for Blake-type Jaw Crashers presented 
in Ref.91 (p.8-22, Table 8-6) and other sources (93, p.4.1-4.21; 95, p.28.01-28.03; 123). 


Mass (mt) = 2 * Width (m) * Length (m) * Height (m) Eqn.33 

where, 

Crasher Width (m) = 2 * [Width Receiver (m)]®'*’ Eqn.34a 

Width Receiver (m) = Receiver Area (m )/Gap (m) Eqn.34b 

Minimum Rec. Width Constraint (m) = 0.25 * Gap (m) Eqn.34c 

Receiver Area (m^) = Capacity (mt/hr)/{60 * [R/(R-1)]® ^ * p) Eqn.34d 

Reduction Ratio, R = Input feed size/Output feed size = 4 Eqn.34e 


Capacity (mt/hr) is the feed rate from the process feed bin plus an additional 10% 
to account for a recycle stream assumed to contain particles larger than the output 
target size (Output target size = input size/R, where input size is given in Eqn.25). 
The process duty cycle is 45% for plants operating with solar photovoltaic array 
(PV)/Regenerative fuel cell (RFC) power systems, or 90% for plants operating with 
nuclear power, so the solids rate from the feed bin is different than the solids 


entering the feed bin. 

Bulk density of feed solids, p (mt/nr*) =1.9 Eqn.34f 

Crasher inlet gap (m) = 0.0125 * Max. Input Size (cm) Eqn.34g 

Crasher Length (m) = 4 * [Gap (m)]^ Eqn.35 

Crasher Height (m) = 2.2 * Gap (m) + 0.4 Eqn.36 
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Power 


The Bond crushing law is used to predict crusher power requirements (91, p.8-12; 124, 
p.825): 

Power (kw) = 0.3 162 * Vf- mdex * Feed * [( 1/output size) 0 * 5 - (1/input size) 0 5 ] Eqn.37 

where. 

Basalt work index = W index = 20.41 

Feed rate (mt/hr) includes 10% oversize recycle 

Output size (mm) = Input Size (mm)/Reduction Ratio 

A.6 Secondary Crusher (Rotary, Gyratory or Cone Crusher) 

Correlations derived from Crusher data presented in literature (91, p.8-25, Table 8-11; 

93, p.4.21-4.34 and p.4.40-4.55; 95, p.28.08-28.10). 

Mass 

Crusher Mass (mt) = (S.G.)tt * (Diameter/2) 2 * Height Eqn.38 

where. 

Crasher Diameter (m) = 1.33 * Crasher Bowl Diameter (m) Eqn.39a 

Bowl Diameter (m) = Receiver Area/(7C * Gap) * Gap Eqn.39b 

Receiver Area (m 2 ) = [Capacity/] 25 * (R/(R-1)) 05 * p}] 0 ' 75 Eqn.39c 

C^acity is the feed rate (mt/hr) from the primary crasher with an additional 
stream of oversize from the secondary crasher outlet (10% of primary crasher 


feed). 

Reduction Ratio = R = Inlet Size/Outlet Size =10 Eqn.39d 

p = bulk density of solids =1.9 mt/m 5 Eqn.39e 

Receiver gap (m) = 0.012 * Maximum Input Size (cm) Eqn.39f 

Crasher Height (m) = 2.5 * Crasher Diameter (m) Eqn.40 

Crasher S.G. = 1 mt/m 5 Eqn.41 

Power 


As with the primary crasher, the Bond crashing law is used to predict crasher power 
requirements (91, p.8-12; 124, p.825): 

Power (kw) = 0.3162 * ^ mdex * Feed * [(1/output size) 0 5 - (1/input size) 0 5 ] Eqn.42 
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where, 

Basalt work index = W index = 20.41 

Feed rate (mt/hr) includes 10% oversize recycle 

Output size (nun) = Input Size (mm)/Reduction Ratio 

A.7 Final Grinding to Desired Product Size (Ball Mill) 

References Used: (91, p.8.30-8.34; 93, p.5.03-5.92 and 6.14-6.17; 125). 
Mass 


Mill Mass (mt) = Liner/Structure Mass (mt) + Ball Charge Mass (mt) Eqn.43 

Liner/structure mass estimated from literature data (93, p.5.54-5.55) as 1-2 times ball 
charge mass. Accounting for lunar structural mass savings, the low end of the scale is 
assumed: 

Structure to Charge Mass Ratio = 1 

From reduction of ball mill data (91, p.8-34, Table 8-18): 

Ball charge mass (mt) = 1.116 * [Mill Length (m)] 3 ' 27 ^ 

Mill Length (m) = [0.0222 * R 2/3 + 0.915] * Capacity 0 237 

Capacity is the feed rate (mt/hr) from the secondary crasher. 

Reduction ratio = R = Input size/Output size. Output size is set at 0.1 mm as the 
target size that is a compromise between substantial ilmenite liberation and generation 
of fines. 

Power 

Power (kw) = 18.9 * Length (m) Eqn.46 

Size 

if Length (m) > lm, Mill Diameter (m) = Length (m) Eqn.47a 

if Length (m) < lm, Mill Diameter (m) = Length (m)/1.25 Eqn.47b 

Ilmenite Liberation 


Eqn.44 

Eqn.45a 

Eqn.45b 


The amount of ilmenite mineral fragments liberated in essentially pure form from a 
basalt matrix (mixture of pyroxene, olivine, plagioclase, ilmenite, and other mineral 
components) depends on the average size (and shape) of the ilmenite grains and the 
initial abundance of ilmenite. 

Fj = l/{(l+x) 3 - V Q * [(l+x) 3 -!]} Eqn.48 


where. 
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Fj = fraction of original ilmenite liberated as pure mineral fragments. The rest of 
the ilmenite is contained in fragments with varying amounts of other mineral 
constituents. 

x= 1/r 

r = reduction ratio = ilmenite grain size in basalt ore/target size of particles produced 
in final grinding step = 0.5 mm/0.1 mm = 5 

V Q = initial volume fraction ilmenite in ore. 

Fines Generated 

The final grinding step will produce undesirable fines that will be removed in subsequent 
steps. The Gates-Gaudin-Schumann size distribution correlation is used to predict the 
mass fraction of fines produced in the ball mill step (91, p.8.15-8.16): 

Ff = (df/dp®^ Eqn.49 

where, 


Ff = the mass fraction of fines produced (fraction of particles with diameter df 
and smaller). 

df = fines particle diameter = 0.03 mm. 
dj = grinding target size = 0.1 mm. 

A.8 Vibratory Screen (Fines Removal) 

Scaling for the vibratory screen is basically the same as presented for the pit scalper screen. 

Mass 

The mass of the mechanically vibrated screen was determined by: 


My = F y * A Eqn.50 

2 2 

A factor, F y (kg/m ), relates vibrator screen mass to screen area; a value of 25 kg/m 

was used. The screen area, A (m^), is determined from a capacity relationship (91, 

p.21-17): 

A = 0 4 c l V< C u F o F s > Eqn.Sl 

where, 

C t = feed rate to the screen (mt/hr). 

e_ = a factor to account for the expected inefficiencies of screening operation in 
tne lunar low gravity conditions =1.5. 
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2 

C = unit capacity factor (mt/hr of feed per m screen). The following unit capacity 
relations were derived (from 91, p.21-18, Figure 21-15): 

For screen sizes greater than 2.5 cm, C = 43.7 * Size (cm) + 12. Eqn.52a 

For screen sizes less than 2.5 cm, C u =14.88 * [Size (cm)] 0 5 . Eqn.52b 

A minimum value of 0.05 mt/hr of feed per nr of screen was used as a constraint 
at low capacities where equation accuracy suffers. 

F = open area factor for the screen (91, p.21-15, Table 21-6): 

F Q = 0.1079 * [Opening (mm)] 0 * 5 + 0.3354 Eqn.52c 

F $ = slotted opening factor = 1 for the square mesh assumed in this study. 

Power 

Power for the vibratory screen in the pit scalper is: 

P s = F p * A Eqn.53 

where, 

2 2 
Screen area, A (m ), is defined by Eqn.51 and the screen power factor, F (kw/m ), 

is 0.75, which was derived from typical Earth industrial "hummer" vibratory screen 

data (93, p.7-42 and 7-45). 


Screen Width (m) = 2.5 m 

Screen Length (m) = Screen Area/Width/Number of Screens 
Screen Height (m) = 0.5 * (Number of Screens - 1) + 0.4 

A.8 Dmenite Separator Feed Bin 

Mass calculation basis is cylindrical storage of particulate solids. Bin length, L (m), and 
diameter, D (m), are calculated given storage requirements (3 days), number of silos (1), 
length to diameter ratio (0.75 selected for manifesting purposes), and bulk density (1.9 
mt/nrr ). The vertical pressure exerted by the solids on the base of the storage bin is 
greater than the lateral pressure on the sides. For a full silo, the base pressure, P h 
(Pa), is (124, p.812-815): 

P b = D/2 * p * 1000 * g m /(2 * p * r) * { 1 - exp[-2 * p * r * L/(D/2)]} Eqn.54 

where, 

p = bulk density = 1.9 mt/m^ 

g m = lunar gravity = 1.62 m/s 

p = coefficient of friction at the wall = tan (0) 

0 = angle of internal friction = 38* 
r = ratio of lateral to vertical pressure = Pj/P b 
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r = (1 - sin 0)/(l + sin 0) 

L = storage bin length (m) 

D = storage bin diameter (m) 

The lateral pressure, Pj (Pa), in the storage silo is: 

Pj = r * P b Eqn.55 - 

The cyclinder wall thickness, t (mm), can then be calculated as: 

t = Pj * D/2 * FOS/^ * 1000) Eqn.56 

where, _ 

FOS = factor of safety =1.2 

CFgj = yield stress for aluminum = 324 MPa for A1 2024-T3 — 

The base wall thickness, t b (mm), is found by: 

t b = t/r Eqn.57 

In all cases, a minimum skin thickness of 16 mils or 0.4 mm is assumed. Given a density ^ 

of 2.8 mt/rrr for aluminum, the bin mass, M b (kg), becomes: 

M b = 2.8 * n * [(D/2) 2 *t b + D*L*t + (D/2) 2 * t] Eqn.58 

A.9 Induced Magnetic Roll Separator (for Dmenite Separation) 

Relationships for the high-tension induced magnetic roll (IMR) separator were developed _ 

from industrial data (96, 97). It is assumed that multi-staged magnetic separators will 
recover 98% of the pure ilmenite fragments in the feed, and final product stream purity 
is 90% ilmenite (the rest gangue materials). _ 

Mass 

Based on up to a five stage (5 rolls) machine (96): ~ 

IMR Mass (mt) = 1 .043 * Feed Rate to the machine (mt/hr) Eqn.59 

Power 

For feed rates less than 0.6 mt/hr: Power (kw) = 1.362 * Feed Rate (mt/hr) Eqn.60a _ 

For feed rates > or = 0.6 mt/hr: Power (kw) = 0.602 * Feed (mt/hr) + 0.7 Eqn.60b 

Size " 

IMR Volume (m 3 ) = 1 .03 * Feed (mt/hr) Eqn.6 1 a 
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IMR Width (m) = (Volume/(1.8*1.2)) 1/3 Eqn.61 b 

IMR Length (m) = 1.2 * Width Eqn.olc 

IMR Height (m) = 1 .8 * Width E <l n - 6 1 d 

Permanent Magnetic Roll (PMR) Scal ing Equations (96-98 ) 

For Feed less than 1.5 mt/hr: Mass (mt) = 0.319 * Feed (mt/hr) Eqn.62a 

For Feed > or = 1.5 mt/hr: Mass (mt) = 0.0916 * Feed (mt/hr) + 0.41 Eqn.62b 

PMR Power (kw) = 0.196 * Feed (mt/hr) Eqn.63 

For Feed < 1 .5 mt/hr: PMR Volume (m 3 ) = 0.85 * Feed (mt/hr) Eqn.64a 

For Feed > or = 1 .5 mt/hr: PMR Volume (nr 3 ) = 0.341 * Feed (mt/hr) + 0.967 Eqn.64b 

PMR Width (m) = (Volume/(l. 3*1.9))^ Ec l n -64c: 

PMR Length (m) =1.9* Width Eqn.64d 

PMR Height (m) = 1 .3 * Width Eqn.64e 


Electrostatic Separator Scaling Equations 

Efficient electrostatic separation requires that the input feed be heated to approximately 
200°C. Because of the insulating nature of lunar soil, subsurface temperatures (> 10 cm 
deep) are a relatively constant 0 to -20”C (depending on latitude) even during the lunar 
day (86). Thus, feedstock temperatures of 0*C or less are probable. 

Pre-heat Energy: 0.265 kw-hr/mt-*C (Ref.70). For 200*C delta T (0 C input, 200 C 

output), need 53 kw-hr/mt feed. 

Electrostatic Separator Mass: 666 kg per mt/hr feed (derived from Ref. 74) 

Electrostatic Power: 0.244 kw per mt/hr feed (derived from Ref.46) 

Electrostatic Sep. Volume: 7.3 m 3 per mt/hr feed (derived from Ref.46) 

E.S. Height = 14 * Width 
E.S. Length = 8 * Width 

A.10 Reactor Feed Hoppers 

Low-Pressure Feed Hopper: 

Since the operation of the feed hoppers is such that the low-pressure feed hopper always 
remains in vacuum conditions (see Section 6.2.3), this hopper is sized like the magnetic 
separator feed bin (Section A.8). 

High-Pressure Feed Hopper: 

Hopper length, L (m), and diameter, D (m3, is determined by assuming a cylinder, storage 
requirements of 3 days of feed, 1.9 mt/m bulk solids density, and assigning a L/D ratio 
of 1.5. The design operating pressure for the hopper is 10 atm (P = 1.03 MPa). Hoop 
stress in a cylindrical pressure vessel is twice as great as the longitudinal stress. Sizing 
the wall thickness, t (mm), for the hoop stress results in: 
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Eqn.65 


t = P’ * D/2 * FOS * lOOO/Ojj 


where, 

t = skin thickness (mm) 

D = hopper diameter (m) 

P’ = hopper pressure (design pressure of 10 atm plus the pressure from the solids, 
which is negligible compared to the gas pressure) = P = 1.03 MPa 

FOS = factor of safety =1.2 

a al = y ieId stress f° r aluminum = 324 MPa for A1 2024-T3 (assumed that the feed 
hopper operates at temperatures below 200*C, may require insulation or alternative 
materials). 

Hopper mass is determined in a procedure similar to that given in Section A.8 by using 
the calculated skin thickness and hopper geometry, and assuming aluminum construction 
(S.G.=2.8). 

A.11 Fluidized Bed Reactor 

A three stage fluidized bed reactor is assumed. Other assumptions are: 

L- = length of cylinder section of reactor = 6. 1 m 
Residence time of solids in reactor = 4.2 hrs 
The solids occupy a third of the reactor volume. 

Operating pressure = 10 atm = 1.03 MPa 
Maximum operating temperature = 1,000*C 
Inside insulation (high-density) thickness = 7.6 cm 
Outside insulation (low-density) thickness = 22.9 cm 
Shell material is high-temperature grade alloy steel (A-286) 

90% of ilmenite in feed is converted to iron and rutile 
2/3rd equilibrium conversion is achieved in middle bed 


Mass 

Reactor consists of an inner core for counter-current gas/solids flow surrounded by 
tough high-density insulation, then low-density insulation, then the shell. The total 
mass of the reactor is the sum of the high- and low-density insulation mass and the 
shell mass. 

Mass of inner insulation = V * p- Eqn.66 

where, 

V = volume of high depsity insulation (m^) 

V = re { [(D^ + t { /l00r - (Dj/2) 2 ] * L a + 4/3 * [(D i /2-*-t i /100) 3 -(D i /2) 3 ] } Eqn.67 

Di = inside reactor diameter (m) = 2 * [F * 0 * 3/(p * Li * jc)]® 3 Eqn.68 
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F = feed rate to reactor (kg/hr) 90% llmenite, 10% gangue 
0 = residence time of solids = 4.2 hr 3 

p = bulk density of feed solids = 1,900 kg/m _ f. 1 m n /3 Q f which occupied 

^ = overall length of cylindrical section of reactor - 6.1 m (i/3 or wru 

by solids). . . , 

= « 40 ^ (for superduty fte brick) 


Mass of outer insulation = v 0 * P 0 
where, 


Eqn.69 


K'vmT : + V 100 > 2 1 * L i + 4/3 * [<D i /2+(, ‘ +, o )/100> E q „.70 
0 (Dj/2 + tj/100r]| 


Eqn.71 


(fOT 0rblKr - lte ' hMmal TUes) 

Mass of reactor shell = V § * p s 
where, 

3 

V = volume of shell (m ) 2 fr\ n j. <t 4 -t Vi 001^1 

V s - K (KD-/2 + (t;+t_)/100 +_t./1000) z - (^A* yi +t o )/iUU) J -I Eon 72 

s ' OTu/l*. fyiooo) 3 -^ + (, j+ t 0 >Aoo) 3 ] 1 Eqn ' 7,£ 

a/ cVidn ( mm ^ gqn 73 


x2t * Li + 4/3 * 


LVVj/*^ l r r V / ' 
t = thickness of shell (mm) 
ti = P * D * FOS/(2 * a„ * f, * 1000) 

P = design pressure = 1.03 MPa 
D = diameter (m) = Di + 2 * (ti + t Q )/100 

l°t ^Z^ZZ'ZL stress for steel alloy A-286 = MPa (Raf .07) 

f s = fraction of room temperature yield stress available at tempera* 


A _ — - temperature yield 

which is assumed to be 450*F - 0.88 (RefJ07) 
p s = density of Alloy A-286 = 7 ,940 kg/m 


temperature of skin, 


Power 


Energy requirements = sensible heat of products + heat of reaction + heat loss- 
sensible heat of reactants. 

H.a.of heat transfer 
“ Appendix B^actor section for detads) 


Heat loss is found from a simplified thermal analysis; 

Thermal radiation loss to space = thermal conduction from mtenor 

Qloss = e A e a T c 4 = (Ti - T 0 )/S[t * 10/(k * A^)] 


Eqn.74 


where, . . . n , 

e = average reactor exterior emissivity - U. t 
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\ - exterior surface area of reactor (m 2 ) 

a = Stefan-Boltzmann Constant = 5.67 x 10' 1 1 kw/m 2 -K 4 

T q = exterior temperature (K) 

li ~ average interior temperature = 1,173*K 

laycrs “ 

t insulation thicknesses (cm) as given above 
k = thermal conductivity of insulation 
k of low-density insulation = 0.19 W/m'K 
k of high-density insulation = 1.47 W/m-K 
^lm * log-mean surface area of each insulation layer (m 2 ) 
lm ~ ( ext enor area - interior area)/log e (exterior area/interior area) 

SrvSFSgS ? - :? s 

equation, me power loss, Q loss (kw), is then found after solving for T . 

The total power demand for the reactor, Q f (kw), is: 

Q r = Ilmenite Reacted <kg/hr) * 294 KJ/kg + Feed (kg/hr) * 544 KJ/kg + Q, oss Eqn 75 

This power is provided by heating the reactor gas stream in the electric heater. 

Sm 

Overall Length (m) = L i + D i + 2* (tj + t Q )/100 + 2 * yiOOO 

Overall Diameter (m) = Dj + 2 * (t- + t o )/100 + 2 * t s /1000 

Maximum and Minimum <?j~e 

fl^dStio'nm (Sci^ 6 ^ ^q^atiSf be* S JE^L* SmaU en ° Ugh 

conditions is (124, p. 163): ° e< ^ s characterizes minimum fluidization 


Eqn.76 

Eqn.77 


[* P <P p - p)/u 2 ] D 2 - [1.75 p 2 V 2 /(4 e 3 u 2 ) j D - !50 p <l-€ ) V/(* 2 s 2 u) , „ 


■>2 v2 //a ^ 3 .,2 


where, 


Eqn.78 


D = particle size (mm) to allow fluidization to occur 
g = lunar gravity = 162 cm/s 2 

p : (g/CC) = 0 «002 (for pure hydrogen @ 1000*0 

= 10 atm * 2.0158 g/gmole * 1.001765 /(82.056 cm 3 -attn/gmole-K * 127510 
p p = particle density = 4.79 g/cc for ilmenite ««m/gmoie K 1273K) 

u = gas viscosity (cp or g/m-s) = 0.0237 g/m-s (Ref. 126) 

gas velocity (cm/s) = 30 cm/s in fluidized beds 

t ; " ea of spherc/surface — ° f p anicies 

e - minimum porosity of fluidized bed = 0.5 (124, p.162) 
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The Eqn.78 quadratic in D is solved for the maximum allowable particle size, which for 
these and lower temperature conditions (900-1000K) results in a maximum allowable size 
of 0.92-0.95 mm. 

The particles in the reactor feed must also be large enough to avoid being entrained by 
the gas stream and earned out of the reactor. An equation relating gravity and drag 
forces on a particle in the gas stream is: 


dU/dt = g (p p -p)/p p + C d U 2 p Ap/(2 m) - C d V 2 p Ap/(2 m) 
where. 


dU/dt = acceleration of the particle 

g = lunar gravity 

pp = particle density 

p - gas density 

Cj = drag coefficient 

U = particle velocity 

Ap = particle projected area, 

nr= particle mass (= 4/3 K r p for a spherical particle) 
V = gas velocity ** 


which, if the particle is floating (U = 0, dU/dt = 0), simplifies to: 

d = 3 c d y2 p/[ 4 (p p - p) g] 
where. 


Eqn.79 


Eqn.80 


d = minimum particle size to avoid excessive entrainment (cm) 

= coefficient = approximately 8.4 for a sphere in the Reynolds number of 
interest. 

V = gas velocity = 30 cm/s 
pp = ilmenite density = 4.79 g/cc 

F= gas density = 0.0002 g/cc (for pure hydrogen at 1273*K) 
g = lunar gravity =162 cm/s 7 

uvwv VCn conditions, 15 micron spheres will be entrained. Based on temperatures 
(900-1000 K) and gas densities (higher due to water content and lower temperature) 
expected at the top of the reactor, 30 micron (0.03 mm) particles could be entrained. 

A.12 Cyclone Separators 

Reference for calculations: (91, p.20-84) 

A = mdot/(p*v) E qn.81 

where, 

A = Area of inlet to cyclone (m 2 ) 

mdot = Mass flow rate of inlet gas stream (kg/sec) = known from mass balances 
p = density of inlet gas stream (kg/m- 5 ) 
v = inlet gas velocity = 15.2 m/s 
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The width of the inlet, W (m), and height, H (m), are: 

W = (A/2) 2 
H = 2 * W 

The cylindrical diameter of the cyclone, D (m), is: 

D = 4 * W 

The overall length of the cyclone, L (m), is: 

L = 4 * D 


Mass 

The thickness, t (cm) of the cyclone is: 


t = P * D * FOS * 100/(2 * a * f) 

P = design pressure = 1.03 MPa 
D = cyclone diameter (m) 

FOS = factor of safety = 2 

O = room temperature yield stress for Inconel 718 = 1034 MPa (Ref.107) 
f = fraction of room temperature yield stress available at temperature or skin, 

assumed to be 850*C = 0.4 (Ref.107) 


Eqn.82 


Mass = cyclone skin volume * density 
Density of Inconel = 8,220 kg/m^ 

Since there at least 3 cyclones (1 for each stage), total mass = 3 * cyclone mass 
Performance 

Particle size with 50% removal efficiency ("cut size"): 


Eqn.83 


d c = 1,000,000 * [9 * u * W/(2 tc N V (p p - p))] 


0.5 


Eqn.84 


where. 


d = cyclone removes 50% of jhis particle size (microns) 

u*= gas viscosity = 1.97 x 10 Pa-s (@ 700 C) (from Ref. 124, p.996). 

W = cyclone width (m) . {inwD fon 

N = number of effective turns made by gas in cyclone = 5 (typically 5-lU) (Ker.yii 

V = gas velocity = 15 m/s 


p = solids density = 4500 kg/m" 
p*= gas density = 0.27 kg/m . 


Fractional mass collection efficiency, n, for removing particles of size, d (microns), or 
larger is: 


n = (d/d„) 2 /[l + (d/d ) 2 ] 


Eqn.85 
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A.13 Hydrogen Makeup 

Hydrogen loss rate is calculated by assuming that voids in the reactor discharge (through 
the solid’s settling hopper) are filled by gas (mostly hydrogen): 


md ot H 2 i = mdot d /p * e * p g 


Eqn.86 


where. 


mdotH 2 i = mass flow rate (kg/hr) of hydrogen lost in the solids exiting the reactor, 
mdotj = solids discharge rate (kg/hr) 
p = solids bulk density = 1900 kg/m 3 

e = bed porosity = (particle density - bulk density )/particle density = (5700 - 1900)/5700 
e = 0.67 

p = gas density = 0.27 kg/m 3 for case shown in Appendix B (depends on reactor 
conditions, temperature). 

A.14 Conveyors 

References: (46; 70; 91, p.7.3-7.20; 127; 128) 

Belt Conveyors 

Mass of belt, rolls, drive, and other components estimated by: 


Thus, 


Mass (kg) = 5 * Area of belt (m ) 

Area (m 2 ) = 2 * Width belt (m) * Length belt (m) 

Mass (kg) = 10 * Width * Length 
J2 


Eqn.87 


Factor of 10 kg/m z is a scaled value fpr lunar gravity (46, 70), typical terrestrial (128) 
Kevlar reinforced V-belts mass 24 kg/m 2 (for 1 m wide belt) or more for steel reinforced 

belts. 

Belt width determined by capacity equation for V-belts: 

Capacity = Belt Width * Average Burden Depth * Belt Speed * Bulk Density 
Average burden depth = 0.082 * belt width 

Width (m) = [Cap/(0.082 * Speed * 60 * p] 0 5 Ec i n - 88 

where. 
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Cap — Solids discharge rate (kg/hr) including tailings rate from reactor, magnetic 
separator, and fines screen. 

Speed = belt speed = 30 m/min (typical terrestrial speeds range up to 100-200 m/min) 
p = bulk density = 1900 kg/nr 

A minimum width of 15 cm was specified to ease solid’s handling. 

Belt length = 15 m 

Power requirements: Horizontal runs: 0.0351 kw/m lenth per m 3 /sec material flow 

Vertical rise (30* maximum): 0.2768 kw/m lift per nr/sec material 

Stowed volume: 0.042 m 3 per m^ of belt + 50% for other conveyor components. 

Screw Conveyors 

Mass: 133 kg/m lenjgth per m diameter 
Diameter: 0.28 m diameter per nr/hr material flow 

Power: 0.00141 kw/m length per mt/hr material flow 

Bucket Elevator Conveyor 

Mass: 3.4 kg/m lift per mt/hr material flow 

Power: 0.005 kw/m lift per mt/hr material flow 

Capacity: Volume bucket * No. buckets/m * Speed * bulk density 

Normal speeds: 45 m/min = 0.75 m/s. Assume 3 bucket/m, 0.5 m/s. 

A.15 Electrolysis Cell 

Sizing reference: (25) 

Assume solid-state electrolysis, 1,000*C operating temperature. 95% of inlet water electro- 
lyzed to hydrogen and oxygen. Water content of inlet gas stream determined by reactor 
conditions. Assume conversion approaches 2/3rd of equilibrium value. At 1,000‘C, equil- 
ibrium molar water content of product gases is 0.105. The electrolysis feed gas would 
then contain 7% water by volume (molar content) or 40% by mass. 

Mass 


Mass of electrolysis cell (kg) = 35 * Oxygen production rate (kg/hr) Eqn.89 

Power 

thcrniodynamics, the theoretical minimum power required for water electrolysis at 
1000‘C is 3.52 kw per kg/hr water. Given an efficiency for the solid-state cells of 
approximately 72% (25): 
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Power (kw) = 3.52/0.72 * Water electrolysis rate (kg/hr) 


Eqn.90 


Specific gravity of electrolysis cell (25) is approximately 0.6. 

Volume (m 3 ) = Mass of cell (kg)/600 

Width (m) = (Volume/1. 6) 1/3 
Length (m) = Width (m) 

Height (m) = 1.6 * Width (m) 

Waste heat is effectively radiated from the surface of the cell. 
A.16 Oxygen Liquefler 
References: (19, 70, 101) 

Mass 


Eqn.91 


Refrigerator Mass (kg) = 20 * LOX Rate (kg/hr) 


f T -**• I" worst case conditions 

.ankswascalc^ed ™ 

Power 




For typical Stirling cycle oxygen liqueflers (101), power consumption is: 
Power (kw) = 0.461 * LOX Rate (kg/hr) 


c C <Xgtoad C S^ 23% from theoretical 

Volume 


Eqn.93 


Volume (m 3 ) = Mass (kg) / 1 ,000 kg/m 3 

L/D = 3 (Ref. 19) V Eqn.94 

Diameter (m) = [4 * Volume/( 37 t)l 1/3 
Length = 3 * Diameter 


A.17 Oxygen Storage 
Storage tank mass based on: 


N = 2 tanks 

^«^^Sn W s^^ = 0 05 <5% ° f V ° 1Ume) 

VoTume LoTstor^fJ^tank ' °v P (^) C =°M 60 ^ ayS 

p Q = 1,140 kg/m 3 ™ ’ v o ^ 2 M Q /(p o *N), where density of liquid 


oxygen, 
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with pressure by (derived from data m Ref.yi). 

T bp ( * C) = 31 4479 * P* ( atm )l°' 2857 ' 214 268 

LOX Data YT° r Pressure (atm) Temperature CQ 


1 

2 

5 

10 

20 

30 

40 

49.7 


-183.1 

-176.0 

-164.5 

-153.2 

-140.0 

-130.7 

-124.1 

-118.9 


Critical Point 


tank wall thicknesses. 


where, 


Tank Mass (kg) = N * (M s + M^ 
where, 

N = number of tanks = 2 

M = mass of tank shell (kg) 

M?= mass of tank insulation (kg) 

Shell mass is: 

M = p * 4/3 Jt [(D:/2 + t s /1000) 3 - (Dj/2) 3 ] 
s 

p = density of shell = 2,800 kg/m 3 for Aluminum (2219 alloy) 
D- = inside diameter of tank (m) . A 
D\ = 2 * [3 * (1 + U * V 0 /(4jc)] 1/ ' ) 

f = tank ullage = 0:05 . . . 3^ 

^ = Volume of LOX stored in each tank at capacity (m ) 

t *= thickness of tank shell (mm) 
ti = P * D: * FOS * 1000/(4 * o^) 

P = design pressure =1.0 MPa 

FOS = factor of safety = 1.5 

0al = ai 2219-T87 yield stress = 324 MPa 

Insulation mass is: 

Mj = Pi * 4/3 n KD fl * V1000 + t,/100) 3 - (D;/2 + yi000) 3 1 


Eqn.95 


Eqn.96 


Eqn.97 


Eqn.98 


where, 


p- = Mulilayer insulation (MLI) density - 120 kg/m 
t- X = MLI thickness = 7.6 cm 
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A.18 Photovoltaic Power System 

References: (102-104) 

Solar array sized to deliver required power load. Pi (kw), to process equipment and to 
regenerate reactants for regenerative fuel cells. The mass of all PV equipment (arrays, 
structure, and power conversion) is calculated from: 

PV Mass (kg) = P L (kw) * 1000/25.5 Eqn.99 

Surface area of PV arrays, A (m 2 ), found by: 

A = P L * 1000/[F S * n * (1 - f d ) * cos 0 * (1 - (T-28)*0.005) * f p ] Eqn.lOOa 

where. 


Jd = degradation factor = 0.3 (assume 30% in 10 yrs) 
0= sun angle = 6.5* from normal 


T = operating temperature = 50*C (0.5% efficiency loss per *C) 
jp = packing factor = 0.9 (90% solar cell area) 


= cell efficiency at 28*C = 0.115 (H.5%3 
5 = solar intensity at 1 AU = 1,352 W/m 2 


Given these factors: 


A = P L * 1000/86.6 

Major PV factors are: 39.2 kg/kw, 
system equipment. 


86.6 W/m 2 , 


3.4 kg/m 2 


Eqn.lOOb 

for all photovoltaic power 


A.19 Regenerative Fuel Cell Power System 

Reference: (25) 

A regenerative fuel cell (RFC) system, using gaseous oxygen and hydrogen reactants, 

was sized based on thermal losses during lunar night from the high-temperature process 
equipment. or r 

The amount of reactants required for the RFC is: 

M r= E L/ 2913 Eqn.101 

where, 


M,. = Reactants (hydrogen and oxygen) required (kg) 

E l = Energy required of RFC system (kwh) = P. * t = Power load (kw) * time 
period, t = 336 hrs (14 days x 24 hr/day). 

The mass of oxygen, M Q (kg), and hydrogen, M H (kg), required is: 

M q = 0.8881 * M 
M h = 0.1119 *mJ. 
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Eqn.l02a 

Eqn.l02b 



The mass of water produced, M w (kg) = M f 

The power required, P R (kw), to regenerate the reactants includes the inefficiency of 
electrolysis (64% for high temperature electrolysis when compared to P L ) and is: 


Pr = P l / 0 .64 


Eqn.103 


Total RFC system mass was calculated as the sum of: 


RFC System Mass = RFC + Reactants + GC >2 Tanks + GH 2 Tanks + H 2 O Tank 

The regenerative fuel cell is sized with similar equations as the high-temperature electrolysis 
cell (Section A. 15). Most of the RFC system mass is in reactants and tankage. 

Two gaseous storage tanks of each reactant (0 2 and H 2 ) and one water tank are assumed. 
Estimation of tank masses begins by calculating tank diameter: 

D A = 2 * (M * (l+f u ) * 3/(p * N * 471) 1/3 Eqn.104 


where, 


D: = inside tank diameter (m) 

M = mass of stored material (kg) 

f = ullage factor. For gaseous reactant tanks, f u = 0. For water tank, t u -U.5. 

p U = material density (kg/nr). , , 3 

Density of hydrogen gas at storage conditions (10 atra, 400 K) = 6.1 kg/m 
Density of oxygen gas at 10 atm, 400*K = 97.5 kg/m . 

Density of water = 1 ,000 kg/m . 

N = number of tanks. 


Wall thickness is calculated by: 

t = P * Dj * FOS * 1000/(4 * a go ) Eqn. 105 

where, 


t = tank wall thickness (mm) 

P = tank pressure = 100 atm = 10.1 MPa 
FOS = factor of safety =1.5 

<j go = yield stress for graphite overwrapped pressure vessels = 57V Mra 
Mass of tank shell is: 


(Ref. 129) 


M s = p s * 4/3 * 7 t * [(Dj/2 + t/1000 ) 3 - (Dj/2) 3 ] 


Eqn. 106 


where, 

M. = tank shell mass (kg) , , , . . , 

p s S = shell density = 1,550 kg/nr 3 (for thin metallic liner and graphite/epoxy overwrap) 

Mass of tank thermal insulation: 


199 



Eqn.107 


= Pi * 4/3 * 7i * [(0/2 + 1/1000 + tj/lOO) 3 - (D/2 + t/lOOO) 3 ] 

where, 

Mi = tank insulation mass (kg) - 
Pi = insulation density = 120 kg/m 
ti = insulation thickness = 1 cm 

Total tank mass, M t (kg), is the summation over all 5 tanks: 

M t = S [N * (M s + Mi)] 

A small additional mass is calculated for a RFC dedicated thermal control system to 
reject waste heat generated during the electrolysis step (radiator operates at high-temp- 
erature). 

A.20 Nuclear Power System 

Reference: (105) 

The nuclear power system mass estimate includes the reactor, radiator, power converter, 
and instrument-rated shielding. 


Power 

Reactor 

Radiator 

MWe(MWt) 

(mt) 

(mt) 

0.3 (6) 

1.6 

2.0 

1.0 (14) 

2.4 

2.9 

3.0 (30) 

3.9 

3.6 

10.0 (90) 

7.4 

4.3 


Converter 

Shielding 

Total 

(kg/kwe) 

(mt) 

(mt) 

(mt) 

1.7 

0.9 

6.2 

20.7 

2.3 

1.9 

9.5 

9.5 

3.7 

2.6 

13.8 

4.6 

4.8 

3.2 

19.7 

2.0 


A.21 Thermal Control System 


Waste heat from the process units is rejected by a thermal control system (TCS) using a 
central radiator. Total mass for the TCS, M^ (kg), is estimated by: 


Mj = 20 * A 

where, A = the radiator area (m 2 ) determined by: 


Eqn.109 


A = Q/(2 *n*a*€*T 4 ) 


Eqn.110 


where, 

Heat rejection from both sides of the radiator is assumed. 
Q = heat rejection load (kwt) 

n = efficiency of heat rejection = 0.5 , , 2 4 

a = Stefan-Boltzmann constant = 5.67 x 10 kw/m -K 
6 = radiator emissivity = 0.8 
T = rejection temperature = 298 *K 
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Appendix B - Sample Application of LOX Plant Scaling Program 

Case: LOX Pilot Plant, 2 mt/month, PV/RFC Power System, 45% Plant Duty Cycle 
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Onderaise (Ift.X less that 45 ilcron) 44.86X 
Iliesite Recoury U Beseflcutioi 98X 
inilable oiygei it ilieiite 10.51 
Reactor Cosmeloi If f icieicy 90t 
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llteroative Beneficiation: 

Preheat t$.26 

Klectmtitic Sep. 581 8-28 
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B<!Bc(iclitioB Plant feed Storafe lopper: 
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Two-Stage Electrostatic Separator: (Becoiers 98t of ilaeaite it feed) 
Bass Factor (kg per kg/hr feed) a . 666 

Power Factor (kw per st/hr feed) 0.233 

Bass of Electrostatic Sep. (at) 0.6 

Power (kw) 0.2 



ORKtITT '*. ’ t t AGi> li? 

oje poor QUAixra 


Three-Stage Magnetic Separator (Induced Magnetic Roll) 

Beneficiation Utility Factor 

45X 

Hours per Tear for Beneficiation 

3845 

Feed Bate to Beneficiation (at/hr) 

0.872923 

Ilienite Cone, in Feed (st.X) 

8X 

Ilienite Liberated (X) 

100X 

liberated Ilienite Cone, in Feed (ut.X) 

8X 

Ilienite Recovery Efficiency 

98X 

Ilienite Recovered (it/hr) 

0.064159 

Gangue Baterial in Concentrate (ut.X) 

10X 

Gaagoe in Concentrate (it/hr) 

0.007128 

Solids floi to Reactor Feed Hopper (lt/hr) 

0.071288 

Ilienite in Tailings (it/hr) 

0.017458 

Tails (it/hr) 

0.801634 

Hass Factor (kg per kg/hr feed) 

1.043 

Hass of IHB Separator (it) 

0.910458 

Toluie Factor (s‘3 per it/hr feed) 

1.03 

IHB Toluie (i*3) 

0.899110 

IHB Width (■) 

0.746654 

IHH Length (i) 

0.895985 

IHB Height (l) 

1.343978 

Capacity Poser Factor (ku per it/hr) 

0.602 

Constant Poser Factor (ks) 

0.7 

Poser (ks) 

1.225499 

Efficiency 

0.7 

Haste Heat (kit) 

0.367549 


HIHIHG 4 BEHEFIC1ATI0H FOB BASALT BIBIKS 


Hiaiac Utility 35X 

Hining Hours per Tear 3066 

Hining Hours per South 256.5 

Bluing Rate (it/hr) 1454 

Fraction Basalt in Each Bined Bucket 0.5 

Basalt Bining Bate (at/hr) 0.72T 

Anount of Basalt Required per Bonth (at) 186 

lAssoie Basalt fragients separated in lining pit). 
Ilnenite Grain size in Basalt (an) 0.5 

Grinding Size Target (»■) 0.1 

Reduction Ratio 8 

llaenite Composition of Basalt (sol. X) 25X 

Ilienite Liberated by Grinding (7X of Orig. II) 64. TX 
Biniiua Size Entering Beactor (si) 0.03 

Ezponent Factor for Grinding Particle Size 0.7 

Wt. Fraction Input Less than Biniiun Size 0.430511 


Average Ilienite in Ore Concentrate (Tol.X) 68. 4X 
0.43 


Busber/Bass of Bining Equipient (Excavators, Haulers) 

Excavator Systess: Front-End Loaders (FL s) 

Umber of front-end loaders (FL) 1 

FL Cycle Tise (sec) 128 

Bulk Density of Basalt Fragients in FL Bucket (it/i*3) 2.3 

Fraction Basalt > 1 ci 88 
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Bulk Density Soil/Reject Baterial (at/a'3) 

Average Bulk Density of Bined Baterial (at/a‘3) 

Bucket Initial fill Factor 

Biniaua Bucket Sixe Flag (l=aia. , locale.) 

FL Bucket Siie (a*3) 

Bai Bucket Load (at) 

Factor of Safety 
Tipping Bass (at) 

Factor FL Bass/Tipping Bass 
Bass lack Front !nd Loader ( at 1 
Bass all FLs (at) 

FL basalt aining rate (at/hr) 

Fine Baterial Seived froa Baterial in Backet (at/br) 
Total Baterial Bining Rate (at/br) 

Percent of aining utility tiae actually needed by FL 
Tiae per Bonth FL Used Bining Basalt (brs) 

Vertical Distance Bucket Trarels (a) 

Fraction cycle tiae loaded bucket is raised 
Lunar grauity (a/s‘2) 

Poaer efficiency factor 

Pouer for lifting loaded bucket (k») 

Pouer for other fraction of cycle (ku) 

Pouer factor for aheel FLs (k»/nt eapty ueight) 

Peak Pouer for FI's (ku/uehicle) 

Aug. Pouer required by all FLs for aining (ku) 

Fuel Cell Charging Efficiency 

Aug. Pouer required by all FLs for aining (ku) 

Scoop Width to Depth Ratio 
Scoop Width (a) 

Scoop Depth and Height (a) 

Distance Wheels Extend beyond sides of rehicle (a) 
Distance Scoop Extends beyond sides of rehicle (a) 

SS of FL 

Length to Height Ratio (of priaary FL structure) 
Height botton of FL abore ground (a) 

Distance Scoop Rests froa Front of FL (a) 

Eicarator Width (a) orerall enrelope 
Excarator Length (a) orerall enrelope u/out scoop 
Eicarator Length (a) orerall enrelope u/ scoop 
Excarator Height (a) orerall enrelope 

Haulers: (assuae Hauler self-propelled) 

Hauler Bed Length/Width Ratio 
Hauler Bed Length/Height Ratio 
Hauler Bed Width (a) 

Hauler Bed Length (a) 

Hauler Bed Height (a) 

Hauler/Excarator Voluae Ratio 
Biniaun Hauler Bed Volune (a‘3) 

Hauler Bed Voluae (a* 3) 

Bulk Density Bined Baterial (at/a‘3) 

Suell Factor for Baterial Transported 

Baterial Bulk Density Loaded in Trailer (at/a‘3 ) 

Hauler Fill Factor 

Tiae Required to Fill Hauler (ain) 

Hauler Load (at) 


1.8 

2.1 

0.95 

1 

0.50 

1.0 

1.2 

1.2 

1.5 

2.0 

2.0 

14.5 

14.5 
29.2 

4.98X chk 0.049770 0.049770 

12.7 

3.5 

0.3 (*Ho longer used) 

1.52 

0.7 

0.23 ( *So longer used) 

0.12 (*Ho longer used) 

8.5 

16.7 
0.83 
0.64 
1.30 

2 

1.59 

0.79 

1 

0.5 

1 

3 

1.5 
0.8 
2.1 
2.3 
3.9 
2.3 


2 

3 

1.5 

3 
1 

4 

4.5 
4.5 
2.3 
1.2 
1.9 

0.95 

33.4 

8.1 
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Roundtrip distance froi nine to plant to tailings pit to line (kn) l 


Average Bauling Telocity (kn/hr) 

Tine Required for Round-Trip (nin) 

?i«e Required to Discharge (sin) 

Tine Required to Reload Hauler »/ Tailings (nin) 

Ti»e Bequired to discharge at tailings area (nin) 

Single Hauler Hass Rate (it/hr) 

Hunber of hauler trips per nonth 

Hunber of hours per nonth loading & hauling 

Percent of Hining Tine Osed for loading 4 Hauling 

Hunber of Haulers Required 

Bauler Hass Factor (nass payload/nass hauler) 

Hass of single hauler (at) 

Hass of Haulers (nt) 

Coefficient of rolling friction 
Pouer per round-trip (ku) 

Calculated Hauling Pouer Required (u-hr/kg-kn) 

Average Pouer required for all haulers (ku) 

Fuel Cell Charging Efficiency 

Aug. Pouer required fron Base Pouer Systen (ku) -PR array 
Distance Hbeels Extend beyond sides of vehicle (n) 

Height botton of FI above ground (n) 
length Bed/Length Hauler Drive Unit 
Hauler Width (n) overall envelope 
Hauler length (n) overall envelope 
Hauler Height (n) overall envelope 


!0 

i 


chk 19.57613 


10 

12.0 

0.8 (sec/s'3) 

1.5 (s'3/sin) 

0.8 

9.5 
23 
20 

7. 661 
1 
8 

1.0 

1.0 

0.2 

8.22 

0.090 

0.17 assune pouer for dunping hauler ^ hauling pouer, for loading 
0.61 
0.26 
1 

1.5 
3 

2.5 

1.0 

2.5 


Overburden Renoval (OBR): Front-End loaders (assune use sane type FI's as exacavators) 


X available tine used if sane FIs used for OBR I nining 
S avail, tine used if sane haulers used for OBR 4 nining 
Hunber of front-end loaders (FI) 

Hunber of Haulers 
Depth of Overburden (n) 

Depth of Basalt layer Hined (n) 

Area Overburden renoved per area basalt lined 
FI load/Onload Cycle Tine (sec) 

FL Bucket Sine (n‘3) 

Bucket Fill Factor 

Bulk Density of Soil in FI Bucket 4 is Hauler (it/n 3) 

Hax Bucket Load (nt) 

Area Basalt Layer Hined (n*2/hr! 

Rate of Overburden Renoval (nt/hr) 

Overburden per Honth (nt) 

Tine to Fill Haulers per Honth (hr) 

Hass Each Front End Loader (nt) 

Hass all FIs (nt) 

Pouer factor for uheel FIs (ku/nt enpty ueight) 

Peak Pouer for FI's (ku/vehicle) 

Avg Pouer required by all FIs for overburden renoval (ku) 
Fuel Cell Charging Efficiency 
Pouer required by FLs fuel cells fron base pouer (ku) 
Hauler Bed Toluae (n‘3) 

Hauler Fill Factor 
Distance to Discard (s) 

Travel Speed (kn/hr) 

Round-trip travel tine (nin) 


11.45k 

15.26X 

tt 

0 

2 

2 

1.3 

129 

0.50 

0.95 

l.B 

0.9 

0.355 

1.7 
424 

16.5 

2.0 

0.0 

8.5 

16.7 
1.08 
0.64 
1.69 

4.5 
0.95 

200 

10 

2.4 
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Hauler Duap tise (ain) 0.8 
Tiie per Honth to Haul Material (hr) 2.2 
Poser Required for Hauling (is) 1-53 
Avg. Poser required by all Haulers (ks) 3-32 
Avg. Poser for overburden Haulers froi base poser (ks) 3.83 
Hass each additional Hauler (at) 1.9 
Hass overburden haulers (it) 8.9 


Hine Pit Scalper/Coarse Sizer: 

Hining Hate (at/hr) 

Sriszly Scalper - (Oversize Protection) 

Oversize Rejected Wt.X of Basalt 
Oversize Rate Rejected (at/hr) 

Hai. Feed Size to Crashers (ci) 

Width of Grizzly Scalper (i) 

Length of Grizzly Scalper (a) 

Spacing betseen Scalper bars (a) 

Ruaber of grizzly spaced (inclined) bars 
Bar Width (ca) 

Bar Length (ca) 

Density of bars (at/a*3) 

Length of bars (a) 

Yoluae of bars (a'3) 

Hass of bars (kg) 

iaount of Basaltic Rock in each lined bucket 
Minina Size to Crusher (ca) 

Undersize Soil Rejected (at/hr) 

Feed to Crusher Bin (at/hr) 

Factors to size screen for crusher feed: 

Feed (at/hr) 

Size Screen (aa) 

Feed greater than Screen Size { X ) 

Oversize Flow to Crusher (at/hr) 

Undersize Flos Rejected in Pit (at/hr) 

Unit Capacity factor - Cu (at/hr per a‘2) 

Open Area Factor - Foa 
Slotted Opening Factor - Fs 
Lunar Screening Inefficiency Factor 
Required Screen Area (a‘2) 

Design Width (i) 

Design Length (a) 

Size per Screen Unit: (a‘2) 

Screening Poser Factor (ks/a‘2) 

Screen Hass Factor (kg/a‘2) 

Screen Poser (ks) 

Screen Utility (Fraction Tiie Unit On) 

Pit Scalper Poser (ks) 

Hunber of Scalper Units 
Poser for all Scalpers (ks) 

Screen Hass (kg) 

Structure Hass Factor (kg structure/kg screens) 
Structure Hass (kg) 

Bin Yoluae (a‘3) 

Bin Side Length (a) 

Bin Wall Thickness (aa) 

Bin Material Density (at/a‘3) 


1.15 

n 

0.036 

10 

1.5 

1.5 

0.103000 

15 

1 

3 

T.8 

1.5 

0.0068 

52.7 

50X (assuae half rock A half soil, assuae soil is rejected through grizzl 
1 

0.727 

0.690609 


1.418 

10 

49X 

8.691 

0.727 

14.70 

0.68 

1 

1.5 

0.086 

1.5 

1.5 
2.25 
0.75 

25 

1.7 

0.7 

1.2 

1 

1.2 

56.3 

0.5 

54.5 

9.0 

2.1 
5 

2.3 
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Bis Bass (kg) 

Hmber Bins per Pit Scalper 
Pit Scalper/Screener Hass (kg/anit) 

Total Pit Scalper/Screener Hass (kg) 

Baaler Height (i) 

Height Screens (i) 

Deployed Height (t) 

Pre-Cmsher Bin: 

Peed to Bin (it/hr) 

Utility of Hining 
Utility of Crasher Stages 
Feed to Crasher (»t/hr) 

Delta Feed over lining utility (it) 

Factor over delta 
Bin Storage Capacity (it) 

Bin Midth (i) 

Bin Length (i) 

Bin Height ( 1 ) 

Bin Tolme (i*3) 

Bulk Density of Haterial in Bin (it/i‘3) 

Bin Fill Factor 
Days of Storage 
Hauler Capacity (it) 

Hniber of Hanler Loads Capable of being Stored 
Thickness of Bin Halls (n) 

Density of A1 2024-T3 (it/i‘3) 

Tolme Bin Halls (i*3) 

Hass Bin (it) 

Priiary Crusher (Ja» Crusher): 


Feed Hate to Priiary Crusher (it/hr) 0.537 
Nax. Input Sise (ci) (0 

Recycle Rate of Oversize (X of Hine) 10X 

Feed Rate (ScalpervRecycle) (it/hr) 0.591 

Feed Deneity (it/i‘3) 1.9 

Speed (rpi) 225 

Output Size (ci) 2.5 

Reduction Ratio (.0 

Hork Index (Basalt) 20.41 

Required Poier (ki) 0.4 

Crusher Inlet Gap (i) 0.13 

Receiver Area (i'2) 0.004 

Calc. Rec. Hidth to latch feed rate (■) 0.036 

Hiniim Receiver Hidth (i) 0.03 

Receiver Hidth (i) 0.04 

Hass (it) 0.72 

Length (l) 1.4 

Height (l) 0.7 

Hidth (■) 0.4 

Tolme (i*3) 0.4 

Actual Crasher Hai. Capacity (it/hr) 0.6 


108 

2 

380 

380 

2.5 (added 1 i off ground) 

1.5 
4 


0.690609 

0.35 

0.45 

0.537141 

39.21129 

l.l 

43.1 
3.9 

3.9 
1.5 

22.7 Chk 43.1 

1.9 
0.95 

3.3 

8.1 

5.3 
2 

2.8 

0.077 

0.215 


Coarse Screen to Recycle Crusher Oversize: 

Feed (it/hr) 0.59! 
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Size Screen (in) 25.09002 
Feed greater than Screen Size (X) 9J 
Orersire Flo* Hecycle (at/hr) 0.054 
Undersize Feed 2nd Crusher ( at/hr) 0.537 


Factors to deternine screen area: 

Unit Capacity Factor - Cn (at/hr per n‘2) 

Open Area Factor - Foa 

Slotted Opening Factor - Fs 

Lnnar Screening Inefficiency Factor 

Calc. Screen irea to achieve capacity (n‘2) 

Hiniaui Screen irea (n*2) 

Screen irea (n*2) 

Size per Screen Unit: (n‘2) 

Umber of Units 
Screen Width (a) 

Screen Length (a) 

Screen Height (n) 

Screen Poser Factor (ks/u'2) 

Poner per unit (kn/unit) 

Screen Hass Factor (kg/n‘2) 

Hass per nnit (kg/unit) 

Total Poner (kn) 

Total Screen Hass (»t) 


25.06 

5.88 

l 

1.5 

0.016 

0.109 

0.109 

0.109 

1 

0.3 

0.4 

0.4 

0.75 

0.1 

25 

2.7 

0.1 

0.003 


Secondary Crusher (Gyratory Crasher): 


Feed Hate fron Priiary (at/hr) 

0.537 

Hecycle Hate of Oversize (X of Prin) 

10X 

Feed Bate (Prii.tHecycle) (lt/hr) 

0.591 

Hai. Input Size (cn) 

2.5 

Feed Opening (n) Gap: 

0.03 

Width: 

1.29 

Output Size (cn) 

0.3 

Heduction Hatio 

L0 . 0 

Uork Index (Basalt) 

20. <1 

Poner (kn) 

1.5 

Feed Density (nt/n'3) 

L9 

Deceiver irea (n‘2) 

0.039 

Bonl Dianeter (a) 

0.41 

Haas (at) 

0.2 

Dianeter (a) 

0.5 

Height (a) 

L0 

Tolune (n‘3) 

0.24 

Coarse Screen to Hecycle Secondary Oversize: 

Feed (it/hr( 

0.6 

Size Screen ( 11 ) 

2.500002 

Feed greater than Screen Size (X) 

9X 

Oversize Hecycle to Hecrach (lt/hr) 

0.054 

Undersize Feed to Grinder (it/hr) 

0.537 


Factors to deternine screen area: 

Unit Capacity Factor - Cn (it/hr per n'2) 
Open irea Factor - Foa 


5.79 

0.51 
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Slotted Opening Factor - Ps 
Lunar Screening laeff icieacy Factor 
Calc. Screen Are3 to achiere capacity (i‘2) 
Hiniiui Screen Area (i"2) 

Calc. Screen Area {**21 
Size per Screen Unit: (i'2) 
father of Units 
Screen Width (t) 

Screen Length (n) 

Screen Height (n) 

Screen Poser Factor (ks/t‘2) 

Poser per unit (ks/unit)^ 

Screen Hass Factor (kg/i'2) 

Hass per unit (kg/unit) 

Total Poser (ks) 

Total Screen Hass (at) 


l 

1.5 

0.121 

0.109 

0.12 

0.1 

1 

0.3 

0.4 

0.4 

0.75 

0.1 

25 

3.0 

0.1 

0.003 


Final Grinding to desired product size (Ball Hill): 
Feed Bate (it /hr) 

Feed Size (ni) 

Desired Output Size (*■) 

Seduction Ratio 
Grinder Length (n) 

Poser (ks) 

Ball Charge Hass (it) 

Structure to Charge Ratio 
Hill Hass (st) 

Diaueter (i) 

Tolune { i‘ 3 ) 


0.537 
2.500002 
0.1 
25.00002 
1.0 
16 
1.0 
t 

1.9 

0.8 

0.4 


Fine Screen: single stage 
Feed (nt/hr) 

Size Screen (it) 

Percent feed less than screen size 
Ondersize Flos Discarded (lt/hr) 
Osersize Flos to Storage (it/hr) 


0.537 

0.03 

43X 

0.231 

0.306 


Factors to detenine screen area: 
Unit Capacity Factor - Cu (tt/hr per 
Open Area Factor - Foa 
Slotted Opening Factor - Fs 
Lunar Screening Inefficiency Factor 
Screen Area (n‘2) 

Size per Screen Unit: 2.5 i 4 {**21 
father of Units 
Screen Width (i) 

Screen Length (i) 

Screen Height (i) 

Screen Poser Factor (ks/i‘2) 

Poser per unit (ks/unit) 

Screen Hass Factor (kg/i‘2) 

Hass per unit (kg/unit) 

Total Poser (ks) 

Total Screen Hass (it) 


‘2) 0.05 (Input tanually) 

0.35 

1 

1.5 
18 
10 

2 

2.5 
4.0 
0.9 

0.75 

7.5 
25 
250 

15 
0.5 
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Beneficiation Plant feed Storage Hopper: 

Beneficiation Otility Factor 
Feed Bate to Benefication (lt/hr) 

Days of Storage 
Storage Capacity (it) 

Balk Storage Density (it/i"3) 

Storage Yoluie (i*3) 

Boiber of Silos 
length/Diaieter 
Length (i) 

Diaieter (i) 

Angle of Internal Friction (deg) 

Batio of lateral to Vertical pressure 
Lunar graiity (i/s‘2) 

Coefficient of Friction 

Fall Silo: Base Pressure (Vertical) (B/**2) 

Lateral Pressure at Base (H/i‘2) 

Al 2024-T4 Yield Stress (HPa) 

Factor of Safety 
Biniiui Hall Thickness ( 11 ) 

Cylinder Hall Thickness (») 

Base Hall Thickness ( 11 ) 

Al Density (it/i‘3) 

Single Silo Bass (it) 

Total Silo Hass (it) 


Beneficiation: 

Beneficiation Otility Factor 
flours per Year for Beneficiation 
Feed Bate to Beneficiation (it/hr) 

Uienite Cone, in Basalt (st.X) 

Ilienite Liberated (X) 

Liberated Ilienite Cone, in Feed (st.X) 
Ilienite Becorery Efficiency 
Ilienite Becosered (lt/hr) 

Gangue Haterial in Concentrate (st.X) 
Gangue in Concentrate (it/hr) 

Solids flos to Beactor Feed Hopper (it/hr) 
Ilienite in Tailings (it/hr) 

Tails (it/hr) 


fllectrostatic Separator Preheater: 

Aterage Teiperature of Input Haterial (deg C) 


Desired Teiperature (deg C) 

Delta Teip. (deg C) 

Soil Beat Capacity (k»/C per at/hr) 
Po*er for Pre-heat (kw) 


45X 

0.306 

3 

22 

1.9 

12 

i 

0.75 

2.0 

2.7 
38 

0.238 

1.62 

0.78 

4,778 

1,136 

324 

1.2 

0.4 

0.40 

0.40 

2.8 
0.03 
0.03 


45X 
3845 
0.306 
33X 
65X 
2 IX 
98X 
0.064 
l OX 
0.007 
0.071 

0.006 (includes ill. in gangue A lost lineral frag.) 
0.235 


0 (Surface soil teiperature range -150 to 130 C, 
H 45 ci helot surface, teip atg. is -20 C 
t/ teip cycles of '2 deg C) 

200 

200 

0.265 
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Tso-Stage Electrostatic Separator: (Berners 98X of ilienite in feed) 
Hass Factor (kg per it/hr feed) 666 

Poser Factor Iks per it/hr feed) 0.233 

Bass of Electrostatic Sep. (it) 0.20 

Poser (Is) 0.07 


Three-Stage Hagnetic Separator (Induced Hagnetic Boll) 
Beneficiation Otility Factor <51 

Sours per Year for Beneficiation 3815 

Feed Bate to Beneficiation (it/hr) 0.237918 

Ilienite Cone, in Basalt { st. X) 33X 

Ilienite Liberated (I) 55X 

Liberated Ilienite Cone, in Feed (st.X) 21X 

Ilienite Becosery Efficiency 98X 

Ilienite Becosered (it/br) 0.049902 

Sangae Haterial in Concentrate (st.X) 10X 

Sangue in Concentrate (at/hr) 0.005544 

Solids flos to Eeactor Feed Bopper (it/hr) 0.055446 

Ilienite in Tailings (it/hr) 0.004758 

Tails (it/hr) 0.182471 

Hass Factor (kg per kg/hr feed) 1.043 

Bass of IBB Separator (it) 9 .248149 

Yoluie Factor (i*3 per it/hr feed) 1.03 

IBB Yoluie (»*3) 0.25 

IBB Kidth (i) 0.48 

IBB Length (l) 0.58 

IBB Height (i) 0.37 

Capacity Poser Factor (ks per it/hr) 1.362 

Constant Poser factor (ks) 0 

Poser (ks) 0.32 

Efficiency 0.7 

Baste Beat (kst) 0.10 

Perianent Bagnetic Boll Separator: 

Beneficiation Otility Factor 45X 

Bourn per Year for Beneficiation 3845 

Feed Bate to Beneficiation (it/hr) 0.237918 

Ilienite Cone, in Basalt (st.X) 33X 

Ilienite Liberated (X) 65X 

Liberated Ilienite Cone, in Feed (st.X) 21X 

Ilienite Becosery Efficiency B8X 

Ilienite Becorered (it/hr) 0.049902 

6angue Material in Concentrate (st.X) 10X 

Sangue in Concentrate (it/hr) 0.005544 

Solids flos to Beactor Feed Hopper (it/hr) 0.055446 

Ilienite in Tailings (it/hr) 0.004758 

Tails (it/hr) 0.182471 

Capacity Hass Factor (kg per kg/hr feed) 0.319 

Constant Hass Factor (kg) 0 

PB Boll Hass (it) 0.075896 

Capacity Yoluie Factor (i*3 per kg/hr feed) 0.85 

Constant Yol. Factor (i*3) 0 

PB Boll Yoluie (i'3) 0.20 

PH Boll Width (i) 0.43 
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PB Roll length (») 

PB Roll Height (») 

Poner Pactor (ks per nt/hr feed) 
Poser (ks) 


0.33 

0.56 

0.196 

0.05 


Low-Pressure Reactor Peed Hopper: 

Peed Rate (kg/hr) 

Daps of Storage 
Storage Capacity (it) 

Bulk Storage Density (it/i"3) 

Storage Voluae (i"3) 

Huaber of Silos 
Length/Diaaeter 
Length (a) 

Diaaeter (a) 

ingle of Internal Friction (deg) 

Ratio of Lateral to Vertical pressure 
Lunar gravity (a/s‘2) 

Coefficient of friction 

Pull Silo: Base Pressure (Vertical) (H/»‘2) 

Lateral Pressure at Base (S/i*2) 

il 2024-T4 Tield Stress (BPa) 

Factor of Safety 
Biniaua Hall Thickness (aa) 

Cylinder Hall Thickness (u) 

Base Hall Thickness (aa) 
il Density (at/a‘3) 

Single Silo Bass (kg) 

Total Silo Bass (kg) 

Hi-Pressure Reactor Peed Hopper: 

Peed Rate (kg/hr) 

Days of Storage 
Storage Capacity (at) 

Bulk Storage Density (at/i*3) 

Storage Voluae (a‘3) 

Huaber of Silos 
Length/Diaaeter 
Length (a) 

Diaaeter (a) 

ingle of Internal friction (deg) 

Ratio of Lateral to Vertical pressure 
Luaar gratity (a/s'2) 

Coefficient of friction 

Pull Silo: Base Pressure froa Solids (BPa) 

Lateral Pressure at Base froa Solids (BPa) 

Design Pressure (BPa) 

il 2024-T4 Tield Stress (BPa) 

Pactor of Safety 
Biniaua Hall Thickness (aa) 

Cylinder Hall Thickness (na) 

Base Hall Thickness (sa) 
il Density (at/a‘3) 

Single Silo Bass (kg) 


71.3 

3 

5.1 

1.9 
2.7 

1 

1.5 

2.9 

1.3 
38 

8.238 

1.62 

9.78 

3,679 

873 

324 

i t 

9.4 

9.40 

8.40 
2.3 

12.2 

12.2 


71.3 

3 

5.1 

1.9 
2.7 

1 

1.5 

2.9 

1.3 
38 

0.238 

1.62 

0.78 

0.004 

0.091 

1.83 

324 

1.2 

9.4 

2.5 
2.5 
2.8 

77 3 218 


ORIGINAL PAGE IS 
OE POOR QUALITY 



219 



ORIGINAL PAGE 13 
OF POOR QUALITY 



220 


Sapemcul Gas Telocity ahote top bed (i/s) 
Gas Telocity in Circulation Line (a/e ) 
inside Diaieter of lecircnlation Line (cn) 


ORIGINAL PAGE IS 
OS POOR QUALITY 


Seat Loss factor 
Seat Loss (ka) 

Gas/Solid Outlet Teiperatore (l) 

Gaa/Solid Beat Traasfer (k») 

Avg. B» of Gases above bottoi bed 

Avg. Deasity of Gases aboie bottoi bed (kg/n 3) 

Saperficial Gas Telocity shore bottoi bed (i/s) 

Gas Beater (electric) 

Seat of React ioa (ki) 

Seasible Beat (ki) 

Beat Loss (ki) 

Total Beat Iaput (kv) 

Bstiaated Bait leap. (1) 

Gas Floa (kg/hr) 

Gas lalet Teap (l) 

Average Beat Capacity of Gases (ki-hr/kg-B) 

Gas Outlet leap (l) 

Sfficieacy 

Poaer Repaired by Resistaace Beater (ka) 

Baz. Operatiag Teiperatore of Res. Beater (I) 
Overall Beat Traasfer Coefficieat (R/a'2-R) 

Log Beaa Teap. Diff (l) 

Surface irea of Resistaace Beater (a*2) 

Oia. of Resistaace Beater Rleieat (a) 

Deasity of Gas at Outlet (kg/a‘3) 

Telocity of Gas ia Beater (a/s) 

Diaaeter of laterual Passage of Beater (a) 
Thickaess of Iasnlatioa (a) 

Deasity of Iasulatioa (kg/i 3) 

Hass of Iasulatioa (kg) 

Diaaeter of Beater (i) 

Length of Beater Surface per Linear Length 
Length of Beater (i) 

Thickness of Resistaace Rleieut (ci) 

Deasity of Resistaace Bleaent ( kg/a' 3) 

Bass of Resistaace Rleieat (kg) 

Thickness of Shell (ca) 

Density of Inconel (kg/a 3) 

Bass of Shell (kg) 

Bass of Beater Rleients (kg) 

Total Bass of Electric Beater (kg) 


0.25 

1.31 

1043.7 (0 771 

1.90 1.90 

2.07 
0.247 

0.18 ft /s 0.58 


4.71 
10.77 
7.35 
22.84 
1492 
11.86 
1043.7 
4 . 228-03 
1501 
0.95 
24.04 
1648 
20 
324.0 
3.52 
0.5 
0.172 


0.30 

(it/8) l 

0.57 


0.15 


140 


71 


0.87 


2 


l.l 


0.2 

Internal Pressure (lt/V2) 

7703 

27 

Diaieter ( 1 ) 

0.15 

Inconel 7 18 Yield Stress (HPa) 

8221 

Factor of Safety 

23 

SiniiQi Hall Thickness ( 11 ) 

13 

Cylinder Hall Thickness (in) 


134 


Pressure Drop Through Systea 
Total Static Bed Beight (a) 

Average Bed Porosity 

Deasity of Bed Particles (kg/i'3) 

Average Density of Ascending Gases (kg/a 3) 
Gravitational Paraaeter g/gc (Kt/kgl 
Pressure Drop (Pa) 

Pressure drop through piping: 

Gas velocity ia piping (a/s) 

Inside Diaaeter of Piping (i) 

Gas Tiacosity (Pa-s) 8 700 deg.C 
Reynolds Ember 
Earning Friction Factor 


1.83 

0.5 

4500 

0.270 

1.52 

8666 

15.2 

0.033 

1.97R-05 

6839 

0.0095 


(psi) 0.97 


eqn.6 .2-19 of transfer ops 
10.25978 10.86487 


1.031*06 

0.87 

414 

1.5 

0.4 

3.28 
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Gravitational Conversion Factor gc (lg-i/a‘2-Ht) 
Length of Straight Pipe (a) 

Equivalent Lengths (n): 

Sadden Enlargeients ( 1/4) 

Open Globe Valves 
Standard Elboss 
Sadden Contractions (1/4) 

Standard T's 

Sadden Enlargeient (> 1/4) 

Total Equivalent Pipe Length (n) 

Pressure Loss in Piping Systen (Pa) 

Factor for pressure drop through auxiliaries 
Pressure drop in auxiliaries (Pa) 

Total Pressure Drop of Systen (Pa) 


i 


13.1 

no. 

E . Len 

(for l.5‘ 

2.7 

2 

1.37 


54.9 

5 

10.97 


13.7 

10 

1.37 


1.5 

2 

0.76 


6.1 

2 

3.05 


0.9 

l 

0.36 


92.9 

3380 


(psi) 

0.49 

l 

6666 


(psi) 

0.97 

16711 


(psi) 

2.42 


Fan 


Bloser 

Suction Pressure (BPa) 

Discharge Pressure (ttPa) 

Inlet Tenperature (l) 

82 nass fraction in gas flos to top bed 
Average Heat Capacity of Gases (ks-hr/kg-E) 
ivg. 88 of Gases above botton bed 
Average Density of Gases (kg/n 3) 

Ratio of Specific Heats of Gas 
Hechanical Efficiency of Conpression 
Hass Flos Hate (kg/hr) 

Poser Required (ks) 

Hass Ratio (kg/ks) 

B loser Hass (kg) 

Volune Ratio (u‘3/ks) 

Bloser Voluie (n‘3) 

B loser Height {■) 

Bloser Dianeter (n) 


1.018 

I. 034 
1005 

0.970 

4.09E-03 

2.07 

0.270 

1.37 

0.7 

II . 88 
0.29 

100 

29.0 

0.027 

0.008 

0.28 

0.19 


Cyclone Separators 
Gas Velocity Entering Cyclone (n/s) 

Average Gas Flos Rate (kg/hr) 

Gas Viscosity (Pa-s) 

Effective tarns nade by gas in cyclone 
Density of Particles (kg/s 3) 

Density of Gas (kg/n" 3) 

Cyclone Inlet Width (cs) 

Inlet Height (ci) 

Cyclone Diaieter (cn) 

Overall Cyclone Length (ci) 

Cone (20 deg taper) length (cs) 

Exit Gas Pipe Diaieter (cn) 

Exit Solids Pipe Diaieter (cn) 

Particle Sixe s / 50X resoval efficiency (licron) 
Pressure Drop Through Cyclone (Pa) 

Hax. Internal Pressure (HPa) 


15.2 

13.88 

1.97E-05 

5 

4500 

0.270 

2.2 

4.3 
8.7 

34.6 

17.3 

4.3 

2.2 

1.3 
136 

1.03 


(psi) 


ft/s 50 


(ft) 0.28 

(ft) 1.14 


Part. Reioval 
Sixe (an) Rff. 
0.13 1.0* 

0 02 0.67 20. OX 

1.0 36. OX 
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Inconel 718 Held Stress (MPa) 

Seduction of Inconel field Strength § 12 Q 0 S 

Factor of Safety 

Sininui Mall Thickness (cn) 

Calc, Cyclone Hall Thickness (ci) 

Cyclone Hall Thickness (cn) 

Inconel Density (kg/i' 3 ) 

Cyclone Bass (kg) 

Bmber of Cyclones 
Total Cyclone Bass (kg) 

Total Pressure Drop (Pa) 

Solids Discharge Lock Bopper/Gas Separator 
Solids Bate to Discharge Bopper (kg/hr) 

Days of Storage 
Storage Capacity (it) 

Bull Storage Density (it/n‘ 3 ) 

Storage Voiuie (rj) 

Umber of Silos 
Length/Diaieter 
Length (n) 

Diaieter (i) 

ingle of Internal Friction (deg) 

Batio of Lateral to Vertical pressure 
Lunar grarity (i/s*2) 

Coefficient of Friction 
Full Silo: Base Pressure fron solids (BPa) 
Lateral Pressure at Base fron solids (BPa) 
Bai, Internal Pressure (BPa) 

Inconel 718 Yield Stress (BPa) 

Seduction of Inconel Yield Strength § 12001 

Factor of Safety 

Biniiui Hall Thickness (n) 

Cylinder Hall Thickness (in) 

Base Hall Thickness (n) 

Inconel Density (it/n‘ 3 ) 

Single Bopper Bass (kg) 

Total Bopper Bass (kg) 
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1934 

0.4 

2 

0.1 

0.02 

0.1 

0221 

0.82 

3 

2.5 

409 (psi) 0.06 


1.3 50.0; 
2-0 89.2; 
5.7 36.2; 

10 98.2; 
20 99.6; 


65.2 

2 

3.1 
1.9 
1.6 

1 

2 

2.0 

1.0 

38 

0.238 

1.62 

0.78 

0.003 

0.000 

1.03 

1034 

0.4 

1.2 
1.0 
1.5 
1.5 

8.22 
101.6 
101. 6 


Hydrogen Loss: 

Solida Discharge Rate (kg/hr) 65 2 
Balk Deaeity (k*/i*3) 1900 
foluietric Discharge Rate (i‘3/hr) 0.034 
Particle Deneity (kg/n'3) 5741 
Porosity 0.67 
Deasity of Gas (kg/n‘3) 0.270 
Hass fraction 12 0.970 
Bax. Hydrogen Loss (kg/hr) 0.005 
Hydrogen Loss (kg/day) 0.14 
Hydrogen Loss (kg/ionth) 1 97 


Approiiaate Hydrogen Inventory: 

. Internal folnie of Reactor (n‘3) 0.46 

factor folane Aaiiliaries/Tolane Reactor 0 06 

Deneity of Gas (kg/n‘3) 9,279 

Bass fractios 82 9 979 
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Hydrogen Inventory Hass (kg) 

Days to Lose Hydrogen Inventory 

Hydrogea Hakeup Systen: 

Liquid Iydrogea Storage (kg) 

Adjusted Hydrogen Loss Hate (kg/day) 

Days Storage 

Hydrogen Density (kg/n‘3) 

Tank Ollage (X) 

Tank Yolune (n'3) 

Tank ID (1) 

Internal Pressure (MPa) 

Ai 2219 Yield Stress (MPa) 

Factor of Safety 

Required Shell Thickness (in) 

Hiniini Shell Thickness (ni) 

Shell Thickness (11) 

Shell Density (nt/n‘3) 

Shell Hass per Tank (kg) 

Shell Surface Area (n*2) 

Hultilayer Insulation Thickness (cn) 

Outside Diaieter of Tank ( 1 ) 

HLI Density (kg/n‘3) 

HLI Yolune per Tank (n‘3) 

HLI Hass per Tank (kg) 

Enpty Tank Hass (kg) 

Hydrogen Heater: 

Hydrogen Flou Hate (kg/hr) 

Inlet Tenperature (I) 

Operating Pressure (HPa) 

Outlet Tenperature (I) 

Hydrogen Gas Density ( kg/a 3) 

Heat of Taporiiation (ku-hr/kg) 

Aig. H2 gas Heat Capacity (ku-hr/kg-l) 
Required Heat Input (ku) 

Efficiency 

Pouer Required by Resistance Heater (ki) 

Hax. Operating Tenperature of Res. Heater (E) 
Oterall Heat Transfer Coefficient (H/n‘2-I! 
Log Hean Tenp. Diff (l) 

Surface Area of Resistance Heater (n‘2) 

Dia. of Resistance Heater Rlenent (i) 

Telocity of Gas in Heater (n/s) 

Diaieter of Internal Passage of Heater (i) 
Thickness of Insulation (n) 

Density of Insulation (kg/n‘3) 

Hass of Insulation (kg) 

Dianeter of Heater (n) 

Length of Heater Sarface per Linear Length 
Length of Heater (n) 

Tolune of Heater (i‘3) 

Thickness of Resistance Elenent (cn) 

. Density of Resistance Elenent (kg/n‘3) 

Hass of Resistance Elenent (kg) 

Thickness of Shell (cn) 

Density of Inconel (kg/n‘3) 


0.13 

0.9 


11.7 
0.06 
160 
TO. 9 
5X 
0.17 
0.69 
0.10 
324 
1.5 
0.1 
0.3 
0.3 
2.8 
1.3 

I. 5 
5.1 

0.79 

120 

0.09 

10.6 

II. 9 

0.006 

20.45 

0.10 

1044 

0.024 

0.125 

0.00398 

0.025 

0.95 

0.027 

1648 

20 

1033.0 

0.005 

0.01 

15.24 

0.01 

0.03 

140 

0.04 

0.06 

2 

0.1 

0.000 

0.01 

7703 

0.002 

0.1 

8221 
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Urn of Shell (kg) 0.02 

Bass of Beater Elenents (kg) 0.0 1 

Total Bass of Electric Beater (kg) 0.07 

B loser 

Suction Pressure (BPa) 0.101 

Discharge Pressure (BPa) U 34 

image Heat Capacity of Gases (ks-hr/kg-l) 3 . 98 E- 03 

Average Density of Gases (kg/»‘ 3 ) 0.024 

Batio of Specific Beats of Gas 1.40 

Hechauical Efficiency of Coipression 0.7 

Bass Plot Rate (kg/hr) 0.006 

Poser Required (ks) 0.03 

Bass Ratio (kg/ks) [00 

Bloser Bass (kg) 3.4 

Tolme Ratio (i‘3/ks) 0.027 

Bloser Tolme (a‘3) 0.001 

Bloser Height ( 1 ) 0.14 

Bloser Diaieter (■) 0.09 

Total H2 Bakenp Systei Hass (kg) 15 

Total B 2 Hakeup Systei Poser (ks) 0.06 

Total H2 Hakeup Systei Tolme (i“3) 0,26 

Gas Telocity (i/s) 15 

Pipe Inside Diaieter (ci) 0.24 

Tailings Conveyor - 7-Belt 

Solids Discharge froi Reactor (kg/hr) 65.2 

Tails froi Beneficiation (kg/hr) 234.6 

Ondersise Reject froi Eine Screening (kg/hr) 231.2 

Total Tails Elos (kg/hr) 531. 1 

Bulk Density of Solids (kg/i‘3) 1900 

Average Belt Speed (i/iin) 30 

Avg. Loaded Depth/Belt Hidth Ratio 0 082 

Calc. Belt Hidth (ci) 4.4 

Hiniiua Belt Kidth (ci) 15 

Belt Hidth (ci) 15 

Req. Toluietric Elos Rate (i‘3/sec) 7.76E-05 

Capacity Toluietric Elos Rate (i'3/sec) 9.52E-04 

Horizontal Plight Poser Eactor (ks/i - i‘3/sec) 0.035 
Tertical Lift Poser Eactor (ks/i - i‘3/sec) 0.277 

Horizontal Length ( 1 ) 7 

Belt Length (■) 15 

Belt Rise Angle (deg) 30 

Tertical lift (■) 4 

Horizontal Poser Coiponent (ks) 0.0005 

Tertical Poser Coiponent (ks) 0.0011 

Total Poser (ks) 0.0016 

Hass Eactor (kg/i‘2 of belt) 10 

Area of Belt (i*2) 2.3 

Bass Conveyor (kg) 23 

Stoned Tolune Eactor (n'3 per n ‘2 belt) 0.06 

Stoned Tolme (n‘3) 0.14 

Hauler Tolme (n‘ 3 ) 4.5 

. Hauler Pill Eactor 0.35 

Hauler Pill Tine (hr) 16 


(in) 6 
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Oxygen Prodnction (kg/hr) 

Process Plant Utility 
Storage Bequirenents (days) 

101 Density (nt/i‘3) 

Sax. LOI Stored (at) 

LOI Toluae (u‘3) 

Huber of Tanks 
Ullage Factor 

Internal To lone per Tank (a‘3) 

Internal Diaaeter (n) 

Tank Design Pressure (HPa) 

Al 2213 field Stress (HPa) 

Factor of Safety 
Required Shell Thickness (an) 

Shell Density (at/i‘3) 

Shell Bass per Tank (kg) 

Shell Surface Area (u‘2) 

Bnltilayer Insulation Thickness (ca) 

SLI Density (kg/a‘3) 

BLI Toluae per Tank (a'3) 

BLI Bass per Tank (kg) 

Kapty Tank Bass (kg) 

Total Tank Bass (kg) 

Thernal Conductivity of BLI (H/n‘2-1) 6 

flaxiana Solar Radiation (ks/n'2) 

Tank Ontside Diaaeter (a) 

Tank Surface Area (a ‘2) 

Area Per Tank Rxposed to Solar Flux (a‘2) 

Absorptivity of BLI 

Raisa ivity of Tank Shell 

RaissiTity of BLI 

Interior Tank Teap. (R) 

Rxterior Tank Teap. (R) 

Heat Leak per Tank (kn) 

Conduct ire Heat Leak (kn) 

Total Heat Load (kn) 

Oxygen Latent Heat (RJ/Rg 02) 

Additional Oxygen Tapor Load on Liquefier (kg/hr) 


6.09 

15 $ 

60 

1.14 

3.95 

3.46 

2 

5$ 

1.82 

1.5 

1.0 

324 

1.5 
1.8 
2.8 

36.6 

7.2 

7.6 
120 

0.61 

73.0 

109.5 

219.3 

80R-05 

1.373 

1.67 


(psi) 150 

(ksi) 47 


kg Tank per kg 02 Stored - 0.056 


2.2 

0.04 

0.11 

0.72 

90 

107 

0.11 

0.11 (check) Radiative Heat Leak (kn) 

0.23 

213 

3.9 Boiloff per Day ($ of full tank capacity) 


0.181 

2.4$ 


Piping: 

Length of 3 ca ID pipe (a) 

89 (6 

Hass per Linear Length of 3 ca pipe (kg/n) 

3.38 (1 

Hass 3 ca Pipe (kg) 

302 

Length of 0.25 cn ID pipe (a) 

120 (3 

Hass per length of 0.25 cn pipe (kg/n) 

1.26 (0 

Hass 0.25 ca pipe (kg) 

151 

Piping Hass (kg) 

453 

Pour Systei: 

Peak Bluing ♦ Process Poner (kn) 

131 

Bight Process Poner Bequirenents (kn) 

7 

Poner Contingency Factor 

0.3 

Poner For Processing 0 light (kn) 

10 

Rfficiency for RFC Charging 

0.64 

Total PT Poner (kn) 

146 


> Seactor Length)*Dist.Froa LOI Storage to Plant (50a) 

,25‘ schedule 40 steel pipe, 1.66’ 0D, 0.14* nail, 1.38* ID) 

* Reactor Length ♦ 50 a to LOI Storage f 50 a LH2 Storage) 
.5* sch. 40, 0.84* OD, .109* nail. 0.622* ID) 
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PhotoToItaic Amy: 

Total PY Poser (k») 
Poser/PY Sass (if /kg) 

PY Hass (kg) 

Poier/PY Area (H/i'2) 

PY Area («‘2) 

Typical Panel Length ( 1 ) 
Typical Panel Hidth (n) 
Smber of Panels 


146 

25.5 (typical oriented panels) 

5721 

86 (for 11.53! eff, 6.5 deg pointing error, 50 C op tenp, 90X packing factor) 
1696 
29.1 
8.74 
6.7 


High Tenperature Solid Oxide Regenerative Fuel 

Cell: 

Solid Oxide Cell Specific Perfonance (kg/kte) 

10.7 

Ceil Stack 4 RFC Systeis Hass (kg) 

102 

Foluie (i A 3) 

0.19 

Dianeter (1) 

0.49 

Length (i) 

0.49 

Height (i) 

0.79 

Required Pouer Output (kt) 

10 

Days Required 

14 

Energy (kth) 

3212 

Pouer Generated (kt per kg/hr H20) 

2.913 

Reactants Flow Rate (kg/hr) 

3.3 

Oxygen Required (kg) 

980 

Hydrogen Required (kg) 

123 

Hater Produced (kg) 

1103 

Haste heat during generation (kt per kg/hr H20) 


Haste Heat (kt) 

5.0 

Tank Design Pressure (HPa) 

10. 1 

Graphite/Epoxy Hound Yield Stress (HPa) 

579 

Factor of Safety 

1.5 

Hater Density (it/r3) 

1 

H20 Tank Foluie (T3) t/ 5X ullage 

1.2 

H2 Gas Density (it/a‘3) 

0.0061 

Storage Teiperature (l) 

400 

H2 Tank Voiuie (i‘3) 

20 

02 Ga6 Density (nt/i*3) 

0.0975 

02 Tank Folnie (t*3) 

to 

Huiber H2 Tanks 

2 

Huiber of 02 Tanks 

2 

H20 Tank Internal Dia. (a) 

1.3 

H2 Tank Internal Dia. (i) 

2.7 

02 Tank Internal Dia. (i) 

2.1 

H20 Tank Shell Thickness (u) 

8.5 

H2 Tank Shell Thickness (n) 

17.6 

02 Tank Shell Thickness (n) 

13.9 

Shell Density (it/n‘3) 

1.55 

Shell Hass per 320 Tank (kg) 

71. 6 

Shell Hass per 32 Tank (kg) 

621.1 

Shell Hass per 02 Tank (kg) 

310.5 

HLI Thickness (cn) 

1 

HLI Density (kg/t'3) 

120 

HLI Hass per 320 Tank (kg) 

6.7 

HLI Hass per H2 Tank (kg) 

27.9 

HLI Hass per 02 Tank (kg) 

17.6 

320 Tank Exterior Dia. (l) 

1.3 

H2 Tank Exterior Dia. (a) 

2.7 


100 

84 
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02 lank Exterior Dia. (i) 2.2 

Total Tank Hans (kg) 2032.6 

Poser Consmption shile charging (ks par kg/hr 520) 4.5 

Pom Consmption (ks) 14.9 

Operating Tenp. (I) 3273 

Sin. Poser Cons, (ks per kg/hr 520) 2.877 

Thenal Rejection (ks per kg/hr 820) 1.66 

Heat Rejection (knt) 5.4 

Radiator Operating Tenp. (1) *00 

Radiator Rejection Perfornance (kst/n‘2) 2.3 

Radiator irea (n'2) 2.3 

ictise TCS lass factor (kg/n‘2) 20 

Thernal Control Systen Hass (kg) 47 

Total Regeneratise PC Poser Systen (kg) 3285 

Total RPC Systen Toloae (n‘3) 33.57527 

Rnclear Poser Systen: (based on 300 Sse systen) 

Poser Reqnirenents (ks) 331 

Haste Heat toad (kst) *068 

Hass leactor (nt) 3.4 

Hass Radiator (nt) 3.8 

Hass Poser Conserter (nt) 3.6 

Hass Instrnnent Rated Shielding (nt) 0.7 

Hass Han Rated Shielding (nt) 30.5 

Total Hass s/ Inst. Shielding (nt) 5.4 

Specific Poser (H/kg) 24 

SG Poser Systen 2 

Volnne (n*3) 2.4 

Central Radiator Systen for Basalt lining: 

Assune Heat Rejection by lining Vehicles by on-board radiators 
Hfficiency of Crnshing/Beneficiation 0.5 

Poser Required by Cmshing/Benef. (ks) 33.8 

Heat Rejection fron Crnshing/Beneficiation (ks) 16.9 

Heat Rejection fron Oxygen strean prior to liquefaction (ks) 
Heat Rejection fron Oxygen Liquefaction (ks) 5.7 

Hfficiency of H2 lakenp Sys. 0.7 

Poser Required by H2 lakenp Sys. (ks) 0.06 

Heat Rejection fron H2 lakenp (ks) 0.02 

Total Heat Rejection (ks) 24.4 

Efficiency of Heat Rejection: A sin. /A req. 0.5 

Stefan Boltxaann Constant (ks/n‘2-H 4) 5.7R-11 

Rnissiuty of Radiator 0.8 

Rejection Tenperatnre (I) 298 

Area of Radiator (n‘2) 08.1 

Width of Radiator (n) 3 

Length of Radiator (n) 22.7 

Hass Factor for ATC Sys. (kg/n‘2) 20 

Radiator lass (kg) 3362 


Central Badiator Syste* for Soil Mining : 
lame Seat Bejection by Mining fehiclea by oa-board radiators 
Bfficiency of Beaeficiation 9.5 

Poier Required by Beaef. (1*1 
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Heat Rejection froi Benefication (is) 24.4 

Beat Rejection froi Oxygen streai prior to liquefaction (in) 
Heat Rejection fros Oxygen Liquefaction (ks) 5.7 

Efficiency of H2 Hakeup Syn. 0.7 

Poser Required by H2 Hakeup Sys. (ks) 0.06 

Heat Rejection froi H2 Sakenp (kn) 0.02 

total Heat Rejection (kn) 31.8 

Efficiency of Heat Rejection: 4 iin./i req. 0.5 

Stefan Boltxiann Constant (ki/i‘2-1‘4) 5.7E-U 

Eiissisity of Radiator 0.3 

Rejection Teiperature (El 298 

irea of Radiator (i*2) 69.0 

Hidth of Radiator (i) 3 

Length of Radiator (n) 29.7 

Hass Factor for ETC Sys. (kg/i‘2) 20 

Radiator Hass (kg) 3281 


Poser Systei for Soil Sining Plant Systens: 


Peak Hining t Process Poser (ks) 149 
Right Process Poser Reqnireients (ks) 7 
Poser Contingency Factor 0.3 
Poser For Processing 8 Bight (ks) 10 
Efficiency for RFC Charging 0.84 
Total PT Poser (ks) 164 


Photosoltaic irray: 

Total P? Poser (ks) 
Poser/PT Hass (H/kg) 

PT Hass (kg) 

Poser/PT irea (H/i*2) 

PT irea (i*2) 

Typical Panel Length (l) 
Typical Panel Width (■) 
Hnnber of Panels 


164 

25.5 (typical oriented panels) 

6419 

86 (for 11.5X eff, 8.5 deg pointing error, 50 C op teip, 90S packing 
1903 factor, 1352 H/i‘2 solar intensity) 

29.1 


8.74 


7.5 


Hnclear Poser Systei: (based on 300 Ese systei) 


Poser Reqnireients (ks) 149 
Haste Heat Load (kst) 4272 
Hass Reactor (it) 1-i 
Hass Radiator (it) 1-8 
Hass Poser Conserter (it) 1-6 
Hass Instruient Rated Shielding (it) 0.7 
Hass Han Rated Shielding (it) 10.5 
Total Hass s/ Inst. Shielding (it) 5.5 
Specific Poser (H/kg) 27 
SG Poser Systei 2 
Toluie (i*3) 2.5 
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Appendix C - Unique Scaling Equations for H2 Extraction Process 
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c.1 Solar Collector 


Reference: (130) 

A steerable, parabolic solar collector/concentrator is assumed. 
Mass (kg) = Q l * f s /(Q s * n) 


where, 


Q l = thermal requirements (kwt) ^ 

£:££!£££ '“actor = 1 kg/n. 2 for aU -^-(^030 esr^od 
tf.6 kg/m 1 for parabolic mirror, additional mass assumed for steerable mecnamsms 

and structure, and heat transfer equipment.) 
n = collector/concentrator overall efficiency — 0.7 


C.2 Hydrogen Liquefier 


References: (19, 101) 

tssrjSS1i& 

might possibly use liquid oxygen) or one or more expansion engines. 
Mass (kg) = 40 * Mass How Rate of Hydrogen (kg/hr) 


Assuming the inlet gas temperature has been cooled to 300*K: 

Power (kw) = 16.9 * Mass How Rate of Hydrogen (kg/hr) 

The mass flow rate of hydrogen includes the process hydrogen production as well as 
boiloff rate from the hydrogen storage tanks. 
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Appendix D - Sample Listing of H 2 Extraction Program 
Case: 1.2 mt/month LH 2 , 2 mt/month LOX, Nuclear Power, 90% Plant Duty Cycle 
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T deg ? 
? deg C 
T deg l 


28-Jul-88 
05:56:41 PS 


980 

527 

800 


1160 

627 

800 


1340 

727 

1000 


1520 

827 

1100 


1700 

327 

1200 


B2 Reactor Heat (laclear-l, Solar Coac, =21 
Dining Utility 

Huber of Front loader Excavators 
H2 Production (ut/year) 

02 Production (it/year) 

02/H2 Hatio 
S0HHAET: 

28-Jni-88 
05:56:43 PH 


Dining 

Process 

Hargis 

RFC Poser Consunption 
Subtotal Process Plant 

Solar Concentrator Tbenal Input 
Unclear Poser 
Photovoltaic Poser 
Begeserative Fuel Cells 
Subtotal Poser 

Total Plant & Poser Hass 


l Process Otility: 90X 

351 
3 

14.08756 (nt/ionth) 1.2 

24.0 (nt/uonth) 2.0 

1.703630 1.703630 


(kg/hr) 

(kg/hr) 


Total 



Total 

Hass 

Poser 

Heat 

(at) 

(kse) 

(kst) 

(ks) 

12.82 

84.4 



23.34 

1611.3 

4669.5 


10.85 

41.7 




0.0 



4T.00 

1737.4 

4669.5 

6406.9 



0.0 

(He/kg) (kg/kse) 

12.98 

1737.4 

22427.3 

134 7.5 

0.00 

0.0 


0 0.0 

0.00 

0.0 


0 0.0 

12.98 

1737.4 

22427.3 

134 7.5 

59.98 





1.79 

3.04 


Detailed Susaary: 


Front End Loaders 
Haulers 

Hising Subtotal: 

Feed Bin 

Tailings Bin 

H2 Extraction Beactors 

Solar Collectors 

Other H2 Extraction Equipnent 

B2 Extraction Subtotal: 

Electrolysis 

02 Liquifier 

H2 Liquifier 

02 Storage 

92 Storage 

Radiator 0 Thersal Control Systen 
Process Subtotal (include H2): 


Huber 


Total 


Total 


Hass Poser Heat Poser 



(at) 

(kse) 

(kst) 

3 

7.7 

65.81 


5 

5.1 

18.6 



12.8 

84.4 


1 

0.37 



1 

0.37 



2 

16.62 

1557 

4670 

2 

0.0 


0 


1.10 




18.46 

1557 

4670 

1 

0.11 

16.8 


1 

0.07 

1.7 


1 

0.09 

36.3 


2 

0.30 



2 

1.31 




3.00 


48 


23.34 

1611.3 

4670 


(ks) 


6226 


6281 


Extraction Teaperatnre (E) 


1200 


(Cl 


927 


(FI 


1700 
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T deg E 

23- Ju 1-38 

980 

1160 

1340 

1520 

1700 

T deg C 

05:56:41 PH 

527 

627 

727 

827 

227 

T deg l 


800 

900 

1000 

1100 

1200 


Heat Transfer Equipnent (kg) 

Reactors (kg) 

Gas Purification (kg) 

Solar Collector (kg) 

Radiator (kg) 

Subtotal H2 Extraction Process (kg) 

Soil Required (it/hr) 

Siaing Utility 
H2 Rxtracted (kg/hr) 

H20 Extracted (kg/hr) 

Annual H2 Prod, (after Electrolysis) (nt/yr) 
Annual 02 Prod, (after Electrolysis) (»t/yr) 
SOIL HIRIIG: 

Hining Hours per year 
Required Hass per Honth (nt/ioath) 

Huber of front- Sad Loaders (EL) 

EL Cycle Tiie (sec) 

Bulk Density of Soil in EL Bucket (it/a‘3) 
Bucket fill factor 

Siniiu Bucket Size flag (Unin, 2=calc ) 

EL Bucket Size (i'3) 

Sax Bucket Load (it) 
factor of Safety 
Tipping Hass (it) 
factor Hass EL/Tipping Hass 
Hass Each EL (it) 

Hass all ELs (it) 

Total Saterial Hitting Rate (it/hr) 

Percent of lining utility needed by EL 
Tiie per lonth EL used lining (turn) 

Tertical Distance Bucket Travels ( 1 ) 
fraction cycle tine raising bucket 
Lunar Gravity (n/s'2) 

Poner efficiency factor 

Poser for lifting loaded bucket (ks) 

Poser for other fraction of cycle (ks) 

Poser factor for Wheel ELs (ks/it eipty) 

Peak Poser for EL’s (ks/Tehicle) 

Avg. Poser required for all ELs (ks) 

Scoop Width to Depth Ratio 
Scoop Width (a) 

Scoop Depth and Height (n) 

Dist. Wheels extend beyond sides vehicle (i) 
Dist. Scoop extends beyond sides vehicle (i) 
S.G. of EL 

Length to Heigth Ratio (of priiary EL) S 
Height botton of EL above ground (a) 

Dist. Scoop Rests froa front of EL (1) 
Excavator Width (i) overall envelope 
Excavator Length (i) overall s/o scoop 
Excavator Length (i) overall s/ scoop 
Excavator Height (1) overall envelope 


831 

16620 Seat Req. 
213 

0 Heat Elnx 


52 


(kst) 

(kst) 


6226 

0 


17716 
115 
35. OJ 
3.61 
8.81 
14 
24 


Soil/H2 Ratio = 
Soil/02 Ratio = 


3066 

29364 

3 

120 

1.9 

0.95 

2 

0.707455 
1.344165 
1.2 
1.612998 
1.6 
2 6 
7.742390 
114.9261 
100. 00Z 
255.5 
3.5 

0.3 (*Ho Longer Ose) 
1.82 


0.7 (»Ho Longer Ose) 
0.30 (*Ho Longer !he) 
0.15 (*Ho Longer Ose) 


8.5 
21.93677 

65.81 

2 

1.782090 

0.891045 

1 

0.5 

l 

3 

1.5 

0.8 

2.282090 

2.457413 

3.257413 

2.319137 


25012 

14682 
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I deg ! 28-Jni-88 

T del C 05:58:41 PH 


T deg I 
Sealers: 

baler Bed Width (a) 1.5 

Sealer Bed Length (■) 3 

Sealer Bed Seight (a) l 

Sealer Bed Tolue (i*J) 4,5 

Balk Density of Soil in Sealer (it/i‘3) 1.9 

Sealer fill Sector 0.95 

Tine Seqaired to fill Sealer (nin) 4.24 

Sealer Load (at) 8.1 

Bouadtrip Distence froa Sine to Seector (ka) 2 

image Sealing Telocity (ki/hr) 10 

Tine Seqaired for Soandtrip (ain) 12 

Tiae Seqaired to Discharge at line (ain) 0.15 

Tailings refill Sate (i'3/ain) l 

Tiie to Befill Sealer »ith Tailings (iin) 4.5 

Tiie to discharge tailings (iin) 0.15 

Total Sealer fill tiie (lin/cycle) 8 .T 4 

Total Sealer discharge tiie (lin/cycle) 0.30 

Single Sealer Bess Sate (it/hr) 23.16241 

Saiber of Sealer trips per lonth 3615.096 

Saiber of hoars per nonth loading end healing 1267.727 
Percent of lining Tiie Used for loeding/heal 496* 
Saiber of Sealers Seqaired 5 

Sealer Bess factor (p /1 to healer less) 8 

Bess of single healer (it) 1.02 

Bess of Sealers (it) 5 

Coefficient of Bolling Priction 0.2 

Poaer per roand trip (ki) 8.224031 

Celcnleted Sealing Poser factor (i-hr/kg-ki) 0.090 

A»g. Poier for hauling/nnload/load cycle (ki) 4.890389 
Pom Seqaired for Sealers (ka) 18.58214 

Diet, sheels extend beyond sides vehicle ( 1 ) 1 

Height bottoi of healer above ground ( 1 ) 1.5 

Length bed/length healer drive anit 3 

Sealer lidth ( 1 ) overall envelope 2.5 

Baoler length (■) overall envelope 4 

Bauler height ( 1 ) overall envelope 2.5 

BIBIK STSTIB SUBTOTAL, less (it) 12 81695 

BIBIK STSTEfi SOBTOTAL, poser (kt) 84.39246 

Storege/feed Hopper: 

Tolue Charge to siigle Seactor (i‘3) 11 

Buber Seactors 2 

Buber of charges store in feed hopper: 4 

Storage Tolue (i‘ 3 ) 45 

Balk Density of Beterial Stored (it/i‘ 3 ) 1.9 

Bess Stored (it) 95 

Width to Seight Satio 5 

Bin lidth ( 1 ) 8.1 

Bin Seight ( 1 ) 1.2 

Ball Thickness (n) 2 

Kell Density (it/i‘3) 2.8 


980 

527 

800 


1160 

827 

900 


1340 

727 

1000 


1520 

327 

1190 


1700 

927 

1200 


Sealer trips to fill storage: 10 
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T deg l 28-Jul-38 
! i H C 05:56:41 PS 
T deg E 


Bin Hass (it) 

0.4 

Discharge Hopper Hass (it) 

0.4 

Electrolysis Cell - High Teiperatnre 

Utility of Process 

0.9 

Inlet Hater Eloi Bate (kg/hr) 

3.427679 

Theo. Hin. Poier deq. (ki-hr/kg H20) 

3.52 

Efficiency 

0.72 

Poier inquired (ku) 

16.8 

Oxygen Production (kg/hr) 

3.044140 

Hydrogen Production (kg/hr) 

0.383537 

Hass factor (kg per kg/hr 02) 

35 

Hass (kg) 

106.5449 

Sg of Unit 

0.6 

Tolme (a'3) 

0.177574 

Height (■) 

0.768906 

Width (i) 

0.480566 

Surface irea (i*2) 

1.708989 

Operating Teiperatnre (I) 

1200 

Haste Heat (ki) 

4.692110 

Hinimi Surface Eiissirity 

0.02 

Seat Rejection: 

02 Eloi (kg/hr) 

3.044140 

92 Flou (kg/hr) 

1.786854 

Start Teiperatnre (E) 

1200 

End Teiperatnre (E) 

300 

02 Heat Capacity (ks/kg-I) 

0.000288 

H2 Heat Capacity (ki/kg-I) 

0.004167 

02 Heat dejection Load (ki) 

0.790311 

82 Heat dejection Load (ku) 

6.701332 

Oxygen Liquif ier : 

Theoretical Cooling Load (ki per kg/hr 02) 

0.1063 

Hiniioi Work (ki per kg/hr 02) 

0.1753 

Carnot Kfficiency 

0.38 

Porer Consaiption (ki per kg/hr 02) 

0.461315 

Oxygen fro» Process (kg/hr) 

3.044140 

Factor for 02 Botloff/02 froi Process 

0.2 

Oxygen froi storage (kg/hr) 

0.608828 

Total 02 Load (kg/hr) 

3.652968 

Poier (ki) 

1.685171 

Sass Factor (kg per kg/hr 02) 

20 

Hass (kg) 

73.05936 

SG of Unit 

l 

Toluie (i*3) 

0.073059 

L/D 

3 

Length (l) 

0.942488 

Dimeter (■) 

0.314162 

Rejection Seat Load (ki) 

2.073482 


Prod, (kg/ionth) 2000 


Prod, (kg/ionth) 1173.963 
cal/l-iole : a t bt + c!-2 
a b c 

6.27 0.000258 -187700 
6.62 0.00081 


Jff.c 0.230427 


240 


980 

1160 

1340 

1520 

1700 

527 

627 

727 

327 

927 

800 

900 

1000 

1180 

1200 


Prod. (it/year) 24 


Prod, (it /year! 14.98756 


T deg f 
T deg C 
T deg l 


28-Jnl-88 
05:56:41 PH 


Hydrogen Liqnifier: 

Theoretical Cooling Load (kn per kg/hr H2) 

1.069 

Hiniana Hork (kn per kg/hr H2) 

3.386 

Carnot Efficiency 

0.2 

Poner Consoaption (kn per kg/hr H2) 

15.93055 

Hydrogen froa Process ( kg/hr 1 

1.786854 

factor for H2 Boiloff/H2 froa Process 

0.2 

Hydrogen froa storage (kg/hr) 

0.357370 

Total H2 Load (kg/hr) 

2.144225 

Poner (kn) 

36.30293 

Hass Pactor (kg per kg/hr H2) 

40 

Hass (kg) 

85.76903 

SC of Unit 

! 

0.085769 

Tolnae (a*3) 

L/D 

3 

Length (a) 

0.994247 

Diaaeter (a) 

0.331415 

Sejection Heat Load (kn) 

38.59427 


Oxygen Storage: 

02 Prodoctioa { kg/hr > 

Process Plait Dtility 
Storage Bequireients (daye ) 

LOI Density (it/i‘3) 

Hai. LOI Stored (it) 

LOI Tolnae (a‘3) 

Huiber of Tasks 
Ullage factor 

Intenal Tolnae per Tank (i*3) 
Internal Diaaeter (a) 

Tank Design Pressnre (HPa) 
il 2219 field Stress (HPa) 
factor of Safety 
Hegnired Shell Thickness ( 11 ) 

Shell Density (at/a'3) 

Shell Hass per Tank (kg) 

Hnltilayer Insolation Thickness (cn| 
HU Density (kg/n‘3) 

8LI Tolnae per Tank (a‘3) 

HLI Hass per Tank (kg) 

Iipty Tank Hass (kg) 

Total Tank Hass (kg) 

Tank Ootside Diaaeter (a) 


3.044140 


0.9 

90 

1.14 

5.917808 

5.191059 

2 

51 

2.725306 

1.733027 

1.034213 

324.0536 

1.5 

2.074102 
2.8 
54.92731 
7.62 
120 
0.787655 
94.51863 
t49. 4459 
298.8919 
1.889576 


(psi) 

(ksi) 


150 

47 


Hydrogen Storage: 

H2 Production (kg/hr) 
Process Plant Utility 
Storage Beguireaents (days) 
LH2 Density (at/a‘3) 

Hai. 112 Stored (at) 

LI2 Tolnae (a‘3) 

Umber of Tanks 


1.786854 

0.9 

60 

0.0709 

2.315763 

32.66239 

2 
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1150 

627 

300 


1340 

727 

1000 


1520 

827 

1100 


1700 

927 

1200 
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T des ! 28- Jai-88 
T deg C 05:56:41 PH 
T deg i 


150 

47 


Central Thereal Control - Radiator Systei 

Heat Rejection froi 02 prior to Liquifier(ka) 0.790311 

Heat Rejection froa H2 prior to Liqnifier(ka) 6.701332 


Heat Rejection froi 02 Liqnifier (ka) 2.073482 
Heat Rejection froa H2 Liqnifier (ka) 38.59427 
Total Heat Rejection (ka) 48.15940 
Efficiency of Rejection, 4 ain/4 actual 0.5 
Eiissiaity of Radiator 0.8 
Rejection Teaperature (4) 290 
4rea of Radiator (i"2) 150.1122 
Hass factor for TCS (kg/i‘2) 20 
TCS Hass (kg) 3002.244 
Width of Radiator (a) 6 
Length of Radiator (a) 25.01870 

Poaer Systea: 

dining Poaer (ka) 84.4 
Rlectrolysis Poaer (ka) 16.8 
02 Liqnifier (ka) 1.7 
H2 Liqnifier (ka) 36.3 
Process Poaer (ka) 139.1 
Contingency factor 0.3 
Process Poaer (ka) 180.9 
Reactor (kat) 6226 

Unclear Poaer Plant: 

Reactor Heat Proaided by Unclear Haste Heat: 75k 
Unclear Haste Heat Conrersion Rfficiency 0.5 
Reactor Heat Proaided by Hnc. (kat) 4670 
Reactor Poaer Proaided by Snc. (kae) 1557 
Process Poaer Proaided by Inc. (kae) 180.9 
Total Inc. Ilectric Poaer Required (kae) 1737.4 
Haste Heat Load (kat) 22427 
Additional Electric Energy for Heat (kae) 0 
Total Inc. Electric Poaer Required (kae) 1737.4 


Ullage Factor 

Intenal Yoluie per Tank (i‘3) 
Internal Diaieter (i) 

Tank Design Pressure (HPa) 

41 2219 Yield Stress (HPa) 

Factor of Safety 
Required Shell Thickness (n) 

Shell Density (it/i‘3) 

Shell Hass per Tank (kg) 

Hnltilayer Insulation Thickness (ci) 
HLI Density (kg/i‘3) 

HLI Yoluie per Tank (i*3) 

HLI Hass per Tank (kg) 

Eipty Tank Hass (kg) 

Total Tank Hass (kg) 

Tank Outside Diaieter (i) 


5* 

17.14775 
3.199407 
1.034213 
324.0536 
1.5 
3.829078 
2 3 
345.6053 
7.62 
120 
2.581040 
309.7249 
655.3302 
1310.660 
3.359465 


(psi) 

(ksi) 
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Appendix E - Analysis of Lunar Oxygen Production 

(Update to Ref.48) 
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TABLE 1 - PROJECTED BAREST 


PROJECTED ABBBAL 

LEO BAREST (Reference 48) 


Prograi 
(Year 2005) 

Total Bass Fraction of 
to LEO, BT Bass assuaed 
to be prop. 

Total Assuaed 
Propellant Bixture 
in LEO, BT Ratio 

Oxygen 
Propellant 
in LEO, BT 

Rydrogen 
Propellant 
in LEO, BT 


LEO Servicing 

118 

0.3 

35 


7 

31 


4 


LEO Conunication 

59 

0.6 

35 


7 

31 


4 

— 

LEO DOD 

118 

0.3 

35 


7 

31 


4 


LEO Space Station 

138 

0.3 

41 


7 

36 


5 


GEO Banned Sortie 

45 

0.6 

27 


7 

24 


3 

. 

Planetary 

30 

0.7 

21 


7 

18 


3 


Lunar Base 

630 

0.7 

441 


7 

386 


55 

— 

SOI 

11.272 

0.3 

3.382 


7 

2.959 


423 


Bars Biss ions 

1.307 

0.7 

915 


7 

801 


114 


Total 

13.715 


4.933 



4.316 


617 



Total less SOI 

2.443 


1,551 



1.357 


194 


Total less SD1 
and Bars Bissions 

1.136 


636 



556 


80 


ABRUAL BAREST 
LOBAR SOREACE ABO 
LOU LOBAR ORBIT 

Total Bass Fraction of 
to Lunar Bass assuied 
Orbit, BT to be prop. 

Total Assuaed 
Propellant Bixture 
BT Ratio 

Oxygen 

Propellant 

BT 

Rydrogen 

Propellant 

BT 

— 

Lunar Orbit Barket 

140 

0.4 

56 


7 

49 


7 


Lunar Surface Barket 140 

1.71 

239 


7 

209 

30 



(LS and LO Barket umbers are estiaated based on placeient of large lunar base! 
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T&6LS 2 - 02 I 82 PLAITS AID IIIII08 BASI 


SUBFACE IIFBASTBOCTUBE 

Large 

Hedina 

Snail 

Large 

Hediua 

Snail Hiniaua 


02 Plant 

02 Plant 

02 Plant 

12 Plant 

E2 Plant 

H2 Plant Base to 


for Total 

for Total 

for Total 



Support 


02 Harket 

less SDI 

less SDI 
A Hare His. 



Plant 





(12 is 

used only is 0T7s and 





landers, not sold) 


Plant specific aass, 
BT/HT per year product 

0.187 

0.19 

0.19 

3 

3 

3 

latio of L0I/LI2 Produced by H2 Plant 




1.7 

1.7 

1.7 

LEO narket, HT/year 

4.316 

1,357 

556 

0 

0 

0 

Lunar propellant production ratio 
(Total prop, produced/02 delirered to LEO) 
02 plant only case - fron col. 1 in Table T 

4.52 

4.52 

4.52 




Lunar propellant production ratio 
(Total prop, produced/02 del ire red to LEO) 
02 1 12 plant case - fron col. 2 in Table 7 

2.17 

2.17 

2.17 




BT 12 prod. req./HT 02 del. to LEO 

0 

0 

0 

0.28 

0.28 

0.28 

Total production, 02 only case, HT/year 

19,527 

6,140 

2,518 




Total production, 02 A 12 case, HT/year 

9,355 

2,942 

1,206 

1,192 

375 

154 

Plant lass, HT (02 only case) 

3,652 

1.148 

471 



35 

Plant Hass, HT (02 A B2 case) 

1,378 

431 

177 

3.576 

1.124 

461 35 

Poner leg., 02 only case, HI 

46 

14 

6 



100 

Poser Beq . , 02 A H2 case, HI 

22 

7 

3 




Fraction of base or plant nass 
that ie resupplied each year 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 0.01 

lesupply aass, 02 only case, HT/year 

37 

11 

5 



0.35 

lesupply aass, 02 A H2 case, HT/year 

14 

4 

2 

35.76 

11.24 

4.61 0.35 

Cre* on lunar surface /HT per year prod. 







Crei on the lunar surface, 02 only case 
02 pit: 

4 

4 

2 

0 

0 

0 

Crea on the lunar surface, 02 A H2 case 

4 

4 

2 

2 

0 

0 

add-on for 12 pit: 




(add-on crew for 12 plant) 

Plant life, years 

20 

20 

20 

20 

20 

20 

fiild guess)(aild guessHuild guessHuild guess)(sild guessHuild guess) 

Deuelopnent cost, 02 only case, billion I 

18 

6 

2 



5 

(5,000 |/IG of plant nass) 

(guess) 

(guess) 

(guess) 



(guess) 
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Development cost, 02 4 12 cnee, billion t 
(5,000 $/I6 of plant use) 

Operations cost, million 0/year 


7 

(guess) 

2 

(guess) 

l 

(guess) 

IT. 08 
(guess) 

5.62 

(gness) 

2.31 

(gness) 

100 

100 

100 

too 

100 

100 


(tild gnessHfild goessHtild goees)(iild goessMsiid guess)(iild (ness) 


100 

((ness) 
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TABU 3 - KABTH LAUBCH SYSTEMS 


IABTI LAUICH SYSTEMS 

Shuttle 

Snail 

Large 

Beaty Lift 

(Surface to 500 ki LEO) 


SDV 

SDT 

Lannch Teh. 

Sax. possible payload, BT 

25 

66 

100 

250 

Bax. 02 payload, BT 

23.75 

64.6 

95 

237.5 

(.95 nultiplier for tank factor) 

Bax. 12 payload, BT 

(.7 anltiplier for tank factor) 

17.5 

47.6 

70 

175 

Launch cost (one nission, 
operations only), nillion t 

114 

177 

134 

150 

General payload transportation 

4.56 

2.60 

1.34 

0.60 

to LEO cost, E$/Eg 
02 transportation to LEO 

4.80 

2.74 

1.41 

0.63 

cost, U/Kg 

12 transportation to LEO 

6.51 

3.72 

1.91 

0.86 

cost, W/lg 

Deteloptent cost, billion $ 

7.3 

2.8 

3.5 

8 

Tears required to detelop 

10 

5 

5 

10 
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TABLE 4 - PB0PELLA1T CABBIES OTfS 


SPACE BASED. AIBOBBAIED OTT 
PBOPILLAIT CABBIES 


Cryogenic Cryogenic Cryogenic Cryogenic Cryogenic Cryogenic 02 loc.Ilec. Solar Sai 

02/12 02/12 02/H2 02/H2 02/12 02/12 5,000 tec lap 

LEO-GIO-LEO LI0-LL0-LI0 L10-LI0-LL0 LL0-LE0-LL0 LLO-LIO-LLO LLO-GIO-LLO LLO-LIO-LLO LLO-BLEO-L 

round trip round trip round trip round trip round trip round trip round trip round trip 

retm eupty retrn enpty retrn enpty retrne 12 retrn enpty retm enpty retrn enpty retrn eupty 

LEO, LEO LI0, LIO IL0, LL0 LEO, LL0 LIO.LLO LL0.LL0 ^LLO*” 11 ° r P * T 


littion 

Load 12 in:, 02 in: 

Inert aaaa, IT 

Aerobrake fraction. 1 

Boiloff, HT/day 

Start barn aaaa. IT 

Bax. poaaible payload. BT 

Bax. 02 payload, BT 
(.35 of nax. payload) 

lax. 12 payload, BT 
(.7 of nax. payload) 

Total Propellant laaa, BT 

Bixture latio 

02 Propellant, BT 

B2 Propellant, IT 

One aiation coate, 1$ 

(ops and airfrane anortization) 

General payload transportation 
coat, $/Ig 

02 transportation 
coat, $/Ig 

12 transportation 
coat, 3/Ig 

lo. of nissions reh. can fly 
Denelopuent coat, billion $ 

Knit coat of veb., nillion $ 

(i 

Tears to denelop 


♦ Thia OTT nuat return a payload of 12.8/.7 i 18 IT of 12 to LL0 for the lunar lander. 

249 


T 

7.6 

26.4 

25 

24 

6.8 

40 

400 




(guest) 



(5 BI/BPD) 

(JPl reh. 

15 

10 

10 

5 

10 

0 

0 

scale up, 








say need 

0 

0.2 

0.2 

0 

0.2 

0.2 

0 

operate f 








high LEO) 

58 

158.6 

243.6 

177.5 

220 

237.6 

340 

500 







(guesa) 


9 

51.2 

117.2 

52.5 

96 

130.8 

240 

100 

(to GEO) 

(to LLO) 

(to Earth) *(to Earth) 

(to Earth) 

(to GEO) 

(guess) 


8.55 

48.64 

111.34 

49.875 

91.2 

124.26 

228 

95 

6.3 

35.84 

82.04 

36.75 

67.2 

91.56 

168 

70 

42 

100 

100 

100 

100 

100 

63 

(loee lOt 







(guess) 

of sail 

7 

7 

7 

7 

7 

7 


enery 4 

36.75 

87.5 

87.5 

87.5 

07.5 

87.5 

60 

years) 




(load LLO) 

(load LLO) 

(load LLO) 

(load LLO) 


5.25 

12.5 

12.5 

12.5 

12.5 

12.5 






(load LIO) 

(load LEO) 

(load LLO) 



18,500 

18,500 

18,500 

18,500 

10,500 

18,500 

56,000 

18,500 

2,056 

361 

158 

352 

193 

141 

233 

185 

2,164 

380 

166 

371 

203 

149 

246 

195 

2,937 

516 

225 

503 

275 

202 

333 

264 

40 

40 

40 

40 

40 

40 

20 

40 

(guesa) 

(guess) 

(guesa) 

(gueae) 

(guees) 

(guessHnild gueaaHnild gueae 

3 . 6 

5 

5 

5 

5 

5 

S 

5 

(gueee) 

(guesa) 

(guees) 

(guesa) 

(guess) 

(guessHnild guessHnild guess 

500 

500 

500 

500 

500 

500 

1.000 

500 

guess ){»ild guest )(uild gueaaHnild gueaa){tild gueaa)(nild guesa)(nild gueaa)(«ild gueae 


5 

5 

5 

5 

5 

5 

5 

guest )(nild gueaaHnild gueaaHnild gueaaHnild gueaa)(nild gueaaHnild gueaaHnild guesa 
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TABLE 5 - TNO STAGE SHALL OTT (BASE LAIDEI) 

Space based, aerobraked, tao identical stales 
load 02 A 12 in LEO. Hiesion is LE0-IL0-LE0. 
First stage drops off before LLO insertion. 


Inert nass, BT 7 

(for one stage) 

Start bnrn nass, BT 133 

(for entire stack) 

flax, possible payload, BT 35 

(to LLO) 

Bai. 02 payload, BT 33.25 

(.95 x tax.) 

Bax. B2 payload, BT 24.5 

(.T x tax.) 

Total Propellant Bass, BT 84 

(for total stack) 

Biitnre Batio 7 

02 Propellant, BT 73.5 

H2 Propellant, BT 10.5 

One nission costs, U 37,000 

(ops and airfrane anortixation) 

General payload transportation 1,057 

cost, </Eg 

02 transportation to LLO 1,113 

cost, $/Ig 

E2 transportation to LLO 1,510 

cost, $/Eg 

Oerelopnent cost, billion $ 3.6 

(geese) 

One airfrane unit cost, nil. 3 500 

(wild guess) 

Bo. of nissions one airfrane 40 

can fly (gness) 
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TABLE 6 - LOIAB LAIDH/LADICHIIS 


Expendable leasable lass Briter 

Cryogenic Cryogenic (lunbers 



LS based scaled fron lef.S) 

Deorbit or lanncb sasa, IT 

and fueled 
34.9 T8.2 

1,500 

Inert naaa, IT 

3.8 5.2 

1,500 

lai. payload ap, IT 

0 43 

2,000 

a (dan enpty) 

(IT/year) 

lax. payload dan, HT 

IT. 5 IT. 5 

0 

Total Propellant Haas, IT 

(np enpty) 
13.6 38 

0 

(for total stack) 
liitnre latio 

T T 


02 Propellant, HT 

11.9 26.25 


E2 Propellant, HT 

l.T J.T5 


lo. engines 

■1 3 


liasiona betaeen 

1 30 


overhaul or replacenent 
lea engine cost. It 

18,800 


lanboara saintenance 

(guees) 

200 


per siasion 

(aild guess) 


t/nanboor, IS 

50,000 


Total airfrase life 

(guess) 
1 500 


(lo. of siaaiona) 

(aild guess) 


Deaelopnent cost, billion t 

2 2 

ID 

(guess) (guess) 

(guess) 

Operations coat, per 

92,000 12,500 


niasioa, It 

(inc lodes airfrane replacenent, 
engine replacenent, and uintenance) 


Unit cost, U 

T5.000 750,000 

1,897,500 


(sild guessHaild (seas) (guess) 

l Carries 38.2 HT np if 12 loaded in LLO, 26. T up if 12 t 02 loaded in LLO 
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TABLE 7 - STEAD! STATE BASS FATBACI IATI0 CAICOIATIOIS 



02 produc. 

02 A H2 

02 prod. 

02 prod. 

02 prod. 

02 A 12 

Base driv. 


only, all 

prod., all 

only, nass 

only, cryo 

only, cryo 

prod., cryo to LLO, 


cyogenic 

cryogenic 

driv.to LLO, 

to LLO.sol. 

to LLO, 

to LLO.sol. 

solar 


propulsion 

propulsion 

cryo to LEO 

sail to LEO elec. to LEO sail to LEO sail to LE 

OTT delivered 02 to LEO, BT/flight 

49.875 

111.34 

91.2 

95 

228 

95 

95 

OTT 02 propellant req., HT/f light 
(load LLO, LLO-LEO-LLO) 

87.5 

87.5 

87.5 

0 

59.85 

0 

0 

OTT H2 propellant req., BT/flight 

12.5 
(load LEO) 

12.5 
(load LLO) 

12.5 
(load LEO) 

0 


0 

0 

lens, lunar lander 02 del. to LLO, BT/flight 40.85 

(.95 x naxinun payload) 

40.85 

t 

(nass driv.) 

40.85 

40.85 

40.85 

0 

Bo. of lunar lander flights req. per 
OTT flight 

3.36 

4.87 

178.70 

2.33 

7.05 

2.33 

0 

Lunar lander 02 prop, req., BT/flight 
(for one round trip) 

26.25 

26.25 

0 

26.25 

26.25 

26.25 

0 

Lunar lander B2 prop, req., BT/flight 
(for one round trip) 

OTT 12 del. to LLO fron Earth, 

3.75 

3.75 

0 

3.75 

3.75 

3.75 

0 

BT/flight 

12.61 

0 

0 

8.72 

26.42 

0 

0 

Total payload, LEO to LLO, of OTT. BT 
(hydrogen plus tankage) 

18.02 

0 

0 

12.46 

37.75 

0 

0 

Steady state best case nass payback ratio 
(Total inbound payload/(outbound payload 

1.63 

♦ OTT 12)) 

infinity 

7.30 

7.63 

6.04 

infinity 

infinity 

l/(steady state best case nass payback 
ratio) 

0.61 

0 

0.14 

0.13 

0.17 

0.00 

0 

Lunar launch ratio (Total propellants 
launched fron LL0/02 del. to LEO) 

2.75 

1.90 

1.96 

1.00 

1.26 

1.00 

1 

Lunar propellant production ratio (Total 
prop, produced/02 delivered to LEO) 

4.52 

2.17 

1.96 

1.64 

2.07 

1.64 

1 
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TABLE 8 - ATE. HASS PATBACE BATIO CALCBLATIOIS 



02 produc. 

02 A 12 

02 prod. 

02 prod. 

02 prod. 

02 A !2 

Hass dr ir. 


only, all 

prod., all 

only, iass 

oily, cryo 

only, cryo 

prod., cryo 

to LLO, 

02 LEO IABIET : 1.357 HT/year 

cyogenic 

cryogenic 

drir.to LLO, 

to LLO, sol. 

to LLO, 

to LLO, sol. 

eolar 


propulsion 

propulsion 

cryo to LEO 

sail to LEO 

elec. to LEO 

sail to LEO 

sail to LE 

Systei lifetime, years 

20 

20 

20 

20 

20 

20 

20 

02 LEO Harket, HT/year 

1,357 

1,357 

1,357 

1,357 

1,357 

1,357 

1,357 

12 LEO aarket, HT/year 

194 

194 

194 

194 

194 

194 

194 

Base lass. HT 

35.0 

35 

35 

35 

35 

35 

35 

Annual 02 production, HT/year 

6,140 

2,941 

2,659 

2,229 

2,814 

2,229 

1,357 

HT 12 prod. req./HT 02 del. to LEO 

0 

0.28 




0.09 

0 

Auoal H2 plant prodnction, HT/year 

0 

375 




125 

0 

02 Plant inltiplier, plant aass/annnal prod. 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

12 Plant inltiplier, plant lass/annnal prod. 


3.00 




3.00 


L0I Produced per LH2 Produced in !2 Plant 


1.7 




1.7 


02 plant iass. HT 

1,148 

431 

497 

417 

526 

377 

254 

12 plait iass, HT 

0 

1,124 

0 

0 

0 

374 

0 

Total base A plant, HT 

1,183 

1,590 

532 

452 

561 

786 

289 

fraction of base and plant laes that 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

■ust be resupplied each year 








Annual base and plant resupply, HT/year 

12 

16 

5 

5 

6 

8 

3 

lo. base and plant personnel 

4 

4 

4 

4 

4 

4 

4 

Life support resupply, RT/person-year 

1.1 

1.1 

1.1 

l.i 

1.1 

1.1 

1.1 

(estiiate based on uater A 02 recycling) 








Annual life support resupply, HT/year 

4 

4 

4 

4 

4 

4 

4 

Total iass oi LS for plant A life support 

325 

406 

194 

178 

200 

245 

146 

resupply oter lifetiie of plant, HT 








Base placeient systei, iass in LEO 

6.8 

6.8 

6.8 

6.8 

6.8 

6.8 

6.8 

over iass del. to LS 








♦Total base and plant iass and all 

8,370 

11,220 

3,814 

3,251 

4,017 

5,590 

2,109 

resupply LEO iass charge for systei life.HT 








Steady state HT froi Earth/HT del. to LEO 

0.61 

0.00 

0.14 

0.13 

0.17 

0.00 

0.00 

1/SS HPBB 








Total L0I larket for plant lifetiie 

122,791 

58,829 

53,179 

44,580 

56,282 

44,580 

27,140 
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Total 110 larket for plant lifetime 

Total LOI Barket/Total LEO Support 
Total 101 4 L12 Barket/Total LEO Support 
It®, tass payback ratio : total lifctiic 
LEO LOI >arket/( Total LEO charge for base, 
plant, aad all resupply lass + (1/SS BPBt) 
x(Total LEO larket for plant lifetime) ) 


27,140 

27,140 

27,140 

27,140 

27,140 

27,140 

27,140 

4.92 

1.09 

5.24 

5.91 

2.42 

7.06 

3.60 

6.55 

3.99 

6.61 

3.19 

7.98 

8.42 

4.86 

12.87 

12.87 


* LS base and plant(s) aass are multiplied by a factor of 6.8 to get this nuiber. 
Be supply lass is not multiplied by a factor and is therefore a best case nuiber. 


f 
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TABLI 9 - BAS! PLACEBEBT TBABSPOBTATIOI COST 


AIIOAL LEO 

02 UIIIT (BT) - 1,357 

02 produc. 
only, all 
cyogesic 
propulsion 

02 A B2 
prod., ail 
cryogenic 
propulsion 

02 prod, 
only, aass 
driv.to LLO, 
cryo to LBO 

02 prod. 02 prod. 02 A 12 
only, cryo only, cryo prod., cryo 
to LLO, sol. to LLO, to LL0,eol. 

sail to LBO elec. to LBO sail to LEO 

Baas driv. 
to LLO, 
solar 

sail to LE 

Support base aass, B? 

35 

35 

35 

35 

35 

35 

35 

Aauual 02 plant production, BT/year 

6,140 

2,941 

2,659 

2,229 

2,814 

2,229 

1,357 

02 plant size, BT 

1.148 

431 

497 

417 

526 

377 

254 

Annual B2 plant production, BT/year 

0 

375 

0 

0 

0 

125 

0 

12 plant size. BT 

0 

1.124 

0 

0 

0 

374 

0 

Bass driver, BT 

0 

0 

1,500 

0 

0 

0 

1500 

Total nans on lunar surface . BT 

1.183 

1,590 

2.032 

452 

561 

786 

1.789 

BT one lunar lander niaaion can place on LS 

17.5 

17.5 

17.5 

17.5 

17.5 

17.5 

17.5 

lo. of uiaaiona req. to place base A plants 

68 

91 

116 

26 

32 

45 

102 

Baaa in- LEO of one niaaion. BT 

119 

119 

119 

119 

119 

119 

119 

Shuttle flights req. to support one niaaion 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

SB? flights req. to support one niaaion 

l 

1 

1 

1 

l 

1 

t 

Coat per Shuttle flight, nillion $ 

114 

114 

114 

114 

114 

114 

114 

Coat per SB? flight, nillion 1 

134 

134 

134 

134 

134 

134 

134 

Total Barth surface to LEO coat to support 
one lunar surface niaaion, nillion $ 

305 

305 

305 

305 

305 

305 

305 

Ave. Barth surface to LEO coat, $/EG 

2,218 

2,218 

2,218 

2,218 

2,218 

2,218 

2,218 

OTT operations coat/niaaion, nillion $ 

37 

37 

37 

37 

37 

37 

37 

Bxpendable lander coat/niaaion, nillion t 

92 

92 

92 

92 

92 

92 

92 

Total ABO to LS coat per niaaion, nillion t 

129 

129 

129 

129 

129 

129 

129 

Total LBO to LS cost per EG, )/EG 

7,371 

7,371 

7,371 

7,371 

7,371 

7,371 

7,371 

Total coat to place base and plants, 
nillion $ 

29,341 

39,441 

50.399 

11,205 

13,919 

19,491 

44,361 

l/IG, Earth surface to lunar surface 

24,800 

24,800 

24,800 

24,800 

24,800 

24,800 

24,800 

Baz. possible nunber of devoted Shuttle 
uissions per year 

24 

24 

24 

24 

24 

24 

24 


255 



lo. of years required to place base i plaat 
liiited by mi. umber of Shuttle uissious 


TIBtl 10 - PBOPILLAIT DKLITR8T TBASSPOBTATIOI COST CiLCOLATIOIS 



02 produc. 

02 l 12 

02 prod. 

02 prod. 

02 prod. 

02 1 12 

lue dr it. 


only, all 

prod., all 

only, aass 

only, cryo 

only, cryo 

prod., cryo to LLO, 


cyogenic 

cryogenic 

dr it. to LLO, 

to LlO.eol. 

to LLO, 

to LLO, sol. solar 


propulsion 

propulsion 

cryo to LIO 

sail to LIO elec. to LIO sail to LIO sail to LI 

IT del. to LIO per one 0T? aission 

50 

111 

96 

95 

228 

95 

95 

OTT operational coat per niasion 
(round trip), Billion $ 

19 

19 

18.5 

18.5 

56 

18.5 

18.5 

8/lG, LLO to LIO 

371 

166 

193 

195 

246 

195 

195 

IT payload of reusable lander 

43 

43 


43 

43 

43 


lo. of reusable lunar lander aissions 
per OTT liesion 

3.36 

4.87 


2.33 

7.05 

2.33 


leasable lunar lander operational cost 
per aission, aillion $ 

12.50 

12.50 


12.5 

12.5 

12.5 


t/IG, Lunar surface to LLO 

291 

291 

0 

291 

291 

291 

0 

Total lander operations cost per OTT 
■ission, Billion $ 

42.04 

60.84 

0.00 

29.07 

88.08 

29.07 


Steady state best case aass payback ratio 1.63 

(total inbound pay load/ (outbound payload ♦ OTT 12)) 

infinity 

7.30 

7.63 

6.04 

infinity 

infinity 

lo. large SOT nissions per OTT aission 
(70 IT 12 per SDT aission) 

0.36 

0.00 

0.18 

0.12 

0.38 

0.00 

0.00 

SDT launch costs/OTT aission, aillion $ 
(134 aillion ) per SDT launch) 

40.07 


23.93 

16.69 

50.58 

0.00 

0.00 

Total operations cost per OTT aission 
including lander aissions, aillion $ 

108.61 

79.34 

42.43 

64.26 

194.67 

47.57 

18.50 

l/IG, Lnnar surface to LEO 

2,178 

713 

442 

676 

854 

501 

195 
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TABLE 11 - OPERATION COST S0R8ART 


ORIGINAL PAGE IS 
OE POOR QUALITY 


ABBOAL LEO 

02 RAREST (BT) = 1,357 


BASE PLACEBERT ERA (before lunar 


02 prodoc. 02 1 12 
only, oil prod., all 
cyogenic cryogenic 
propulsion propulsion 

propellant production begins) 


02 prod. 02 prod. 02 prod. 02 A E2 lass dm. 

only, nass only, cryo only, cryo prod., cryo to LL0, 

drir.to LL0, to LLO.sol. to LL 0 , to LLO.sol. solar 

cryo to LEO sail to LEO elec. to LEO sail to LEO sail to LE 


Total lunar surface nass, HT 

1,113 

1,590 

2,032 

452 

561 

786 

1,789 

l/IG, lartb surface to lunar surface 

24,800 

24,600 

24,800 

24,800 

24,800 

24,800 

24,800 

Billion ) transport cost for infrastructure 

29 

39 

50 

11 

14 

19 

44 

PROPELLAIT PRODUCT I OR ERA (after lunar base A plant placed) 







02 del. per year to LEO, BT/year 

1,357 

1,357 

1,357 

1,357 

1,357 

1,357 

1,357 

I/EG, lunar surface to LEO 

2,178 

713 

442 

676 

854 

501 

195 

Total annual 02 transport cost, 
Billion I/year 

2,955 

967 

600 

918 

1,159 

879 

264 

Annual nass del. to LS for plant A life 
support resupply, BT/year 

16 

20 

10 

9 

10 

12 

7 


Resupply $/EG, Earth surface to Innar surf. 3,5U 
(Earth surface to LEO - large SDT g/IG, 
pins LEO to LS, prop, transfer |/EG) 

Annual resupply cost, Billion $/year 57 

Base and plant operations costs, yon 

Billion f/year 

Total annual ops. cost, prop. prod, era, 3 212 

■illion |/year 

Total annnal ops. cost, |/Eg 02 to LEO 2,367 


2,053 

1,782 

2,016 

2,194 

1,841 

1,535 

42 

17 

18 

22 

23 

11 

300 

200 

200 

200 

300 

200 

1,309 

817 

1,136 

1,381 

1,002 

475 

964 

602 

837 

1.017 

738 

350 


258 



TABLE 12 - MflLOPSIIT COSTS 


111041 IIO 

02 UlilT (IT) = 1.357 

Bin. surf. base dev, billion 3 

02 plant dev, billion $ 

H2 plant dev, billion $ 

Base lander OTT dev, billion t 

Expendable lunar lander dev, billion I 

leasable lunar lander det. , billion t 

Propellant carrier OTT dev. billion I 

lass drirer dev. billion I 

flee. prop, dev , billion $ 

Prop, carrier solar sail dev. billion 

Large SB? dee. cost, billion $ 

Total det., billion t 

Total dev less large SDf. base lander 
OTT, and 501 of nin. surf, base costs, 
billion t 


02 prod. 02 prod. 02 prod. 02 1 12 Bass driv 
only, nass only, cryo only, cm prod . cryo to LL0, 
driv to L10, to 110, sol. to LL0, *o LlO.soL »J“ „ 


02 produc. 02 4 12 
only, all prod., all 
cyogenic cryogenic 
propulsion propulsion cryo to LEO 

5,80 5.00 5.00 

5.74 2.15 

0,00 5.62 0.00 

3.6 3.6 3.6 

2.00 2.00 2.00 

2.00 2.00 2.00 

5.00 5.00 5.00 

0.00 0.00 10.00 

0.00 0.00 0.00 

0.00 0.00 0.00 

3.50 3.50 3.50 

26.84 28.88 33.59 

17.24 19.28 23.99 


5.00 

5.00 

5.00 

5.00 

2.08 

2.63 

2.08 

1.27 

0.00 

0.00 

5.62 

0.00 

3.6 

3.6 

3.6 

3.6 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

0.00 

5.00 

0.00 

0.00 

0.00 

0.00 

0.00 

10.00 

0.00 

5.00 

0.80 

0.00 

5.00 

0.00 

5.00 

5.00 

3.50 

3.50 

3.50 

3.50 

23.18 

28.73 

28.81 

32.37 

13.58 

19.13 

19.21 

22.77 
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TABLE 13 - STIFLE COST COIPAEISOI 


LEO HAIEET 1,357 BT/TEAR 


02 produc. 02 A B2 02 prod. 02 prod. 02 prod. 02 A 12 lass dm. 

ody, all prod., all only, mbs only, cryo only, cryo prod., cryo to LL0, 

cyogenic cryogenic drir.to LL0, to LLO.sol. to LL0, to LL0,sol. solar 

propulsion propulsion cryo to LEO sail to LEO dec. to LEO sail to LEO sail to LE 


Systei life, years 

20 

20 

20 

20 

20 

20 

20 

Total 02 del. to LEO in systei lifetiie, IT 

27,140 

27,140 

27,140 

27,140 

27,140 

27,140 

27,140 

Total dev less large SOT. base lander 
0T7, and 50X of tin. snrf. base costs, 

17 

19 

24 

14 

19 

19 

23 

billion } 








Billion $ transport cost for infrastructure 

29 

39 

50 

11 

14 

19 

44 

Total ops. cost for systei lifetiie, 
includes prop, transport, resupply, and 
plant and base ops., billion A 

64 

26 

16 

23 

28 

20 

10 

Total dev, ops, and initial transport 
cost for systei life, billion $ 

111 

85 

91 

48 

61 

59 

77 

Total costs/total prop. del. to LEO in 
systei lifetiie, A /EG 

4.083 

3,126 

3,343 

1,750 

2,235 

2,164 

2,824 

Large SOT cost for LEO del. of 02, A/EG 

1,411 

1,411 

1,411 

1,411 

1,411 

1,411 

1,411 


(Operations only) 
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